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INTRODUCTION 
Elastin is one of the principal connective tissue 
proteins. In "yellow" connective tissue, (tissue with a 
~ high content of elastin is called yellow, and tissue with 
a low content is called white), elastin is five times as 
abundant as collagen, whereas in "white" connective tissue 
collagen is the major protein. 
Elastic tissue is composed of approximately 70% 
water (1), a microfibrillar component forming a minute 
percentage, traces of lipids and carbohydrates, and a 
major protein called elastin (2). Elastin fibers were 
recognized early by their morphological form, free 
branching, and characteristic staining reactions. 
Elastin stains various shades of blue with the orcein 
stain of Tanzier or the resorcin-fuchsin stain of Weigert 
(3). The ground substance of cartilage also shows an 
affinity for these stains. Elastic fibers ~ake up a 
number of other stains, sucr;as Verhoeff's hematoxylin, 
Nile blue sulfate, basic f~hsin, osmic acid, and Sudan 
black (4,5). Mallory's aniline blue stains elastin red 
and collagen blue (6). 
Elastic fibers are readily characterized by 
chemical methods; these fibers are among the most 
chemically inert proteins. The resistance of elastin 
1 
to acid and alkaline hydrolysis parallels that of the 
keratins (7). It is one of the most insoluble proteins, 
and consequently, the usual mild methods used to 
solubilize other proteins do not render elastin soluble. 
In fact, elastin has been defined as the residue that 
remains after all extractable proteins have been 
separated (8). 
Elastin owes its characteristic physical 
properties - rubberlike elasticity and complete 
insolubility - to the presence of the covalent cross-
linking amino acids desmosine and isodesmosine. These 
cross-links bind the molecular chains of elastin in a 
three dimensional network. 
As its name implies, elastin is found wherever 
elasticity and tensile strength are needed. Elastin 
fibers are highly concentrated in structures.which show 
high deformation under small loads and complete elastic 
recovery after removal of the deforming force. A high 
elastin content is found in the walls of the larger 
arteries, in some parts of the heart, in the trachea 
and lungs, and particularly in the ligaments of the 
vertebrae. In mammalian skin, tendons, adipose tissue, 
and loose connective tissue elastin is a minor component. 
It is known that tissue elastin content and 
composition change with age (9-13). Experimental 
2 
administration of cortisone and other hormones 
act upon all components of the connective 
tissue, its cells, fibrils, and ground ~ubstance. It 
has been well demonstrated that with prolonged local 
application of cortisone to the skin of rat~, the 
fibroblasts were materially reduced in number, and 
residual cells were shrunken (14-16). It has been 
suggested that changes in blood vessel elastin may 
play a significant role in degenerative arterial 
disease (10,13,17-20), perhaps a primary role. The 
increased deposition of cholesterol in aortic plaques 
has been associated with alterations in the amino acid 
composition of elastin in the plaques. The following 
amino acids were increased; aspartic acid, threonine, 
serine, glutamic acid, lysine, histidine, and arginine. 
The cross-links amino acids desmosine, isodesmosine, 
and lysinonorleucine were decreased significantly~ It 
has also been shown that in induced hyperchblesterolemia 
in growing chicks there is an increase in aortic 
elastogenesis which is followed by an increase in the 
activity of the arterial proteases, mainly elastase and 
the cathepsins (21). It is common to see alterations 
in elastin fibers microscopically in early atherosclerotic 
3 
lesions (22,23). There is also evidence that chronic 
pulmonary disorders are associated with loss of elastin 
in the lung (24-26), suggesting that the loss of elastin 
accompanies irreversible structural changes. Finally, 
abnormal elastin metabolism may play a role in certain 
hereditary disorders of connective tissue, particularly 
pseud~xanthoma elasticum, and possibly Marfan's syndrome 
as well (27). 
It is therefore clear that a knowledge of the 
levels of elastin is ·important in the understanding of 
the aforementioned disease states. However, estimation 
4 
of elastin content of tissue is difficult. For decades 
the standard method has been the gravimetric determination 
of residue after extraction of minced or milled samples 
to remove other components. The conditions of extraction 
are varied and include: a) extraction with 1% NaCl 
followed by several cycles of autoclaving in distilled 
water (28,29); b) extraction with hot 0.1 N NaOH (this 
can be combined with the measurement of collagen in 
which case preliminary autoclaving is needed) (4,17,30-33); 
c) extraction with formic acid (34,3'5); and d) extraction 
with guanidine and dithiothreitol followed by treatment 
with collagenase (36). All of these procedures are 
cumbersome, and they generally do not agree with each 
p 
other. Reviewers have considered them subject to many 
uncertainties including sample degradation (7,37,38), 
. Since the discovery of desmosine and isodesmosine. 
(39,40) and more recently, merodesmosine (41), these 
polyfunctional amino acids have been shown to play a 
significant role in cross-linking of elastin (38,42,43). 
The desmosines are only found in elastin (42-44), and so 
their estimation in a tissue hydrolysate would be an 
index of the elastin content of the tissue,. 
Although there are a growing number of papers 
describing different chromatographic conditions for 
isolation and measurement of the desmosines (44-50), 
particularly with regard to the desmosine and isodesmosine 
content of elastin, there has been limited use of this 
potential method for estimation of elastin in tissue 
samples (51). The chromatographic procedures described 
are often cumbersome, and are applicable to a limited 
number of different tissues? and other than the amino 
acid analyzer chromatographic method, there is no other 
way at this time to measure the desmosines. 
The research described herein has been undertake~ 
with the double purpose of finding an accurate, convenient 
and reliable assay for the desmosines and consequently 
5 
the level of elastin in tissue; and the use of this 
assay to determine the desmosine and elastin content 
of dog aorta and comparison of these findings with those 
found· in the literature. 
6 
CHAPTER I 
ELASTIN 
I Biosynthesis. 
All cells known to be responsible for the 
synthesis of elastic fibers are of mesenchymal origin. 
Fibroblasts have been associated with elastic fiber 
formation in tendons and ligaments (52), while the 
smooth muscle cells of the media are responsible for 
the synthesis and secretion of both components of 
elastic tissue, elastin and the microfibrils, in 
guinea pig and monkey aorta (53). 
Through the efforts of many workers, including 
Ross and Bornstein (36,54), Thomas et al. (55), 
Partridge et al. (7,28,42), Franzblau et al. (56), 
the biosynthesis of elastin is presently considered to 
start ~ntracellularly as a linear soluble polypeptide, 
tropoelastin, that subsequently migrates extracellularly 
and undergoes chemical modifications leading to the 
formation of the lysine-derived cross-links. As a 
result, an extensible and insoluble three dimensional 
network of elastin is obtained. 
Ross and Bornstein (23,36) studied the early 
phases of elastin biosynthesis. The precursor of 
elastin, tropoelastin, is synthesized intracellularly 
7 
on the ribosomes of the fibroblasts~ Its amino acid 
composition (23,36,57) reveals that it is composed 
predominantly of hydrophobic and uncharged amino acids, 
such as valine, alanine, glycine, proline, and enough 
8 
hydrophilic and charged amino acids, such as lysine, 
aspartic acid, and glutamic acid to render it water soluble. 
Thus a hydrophilic shell is formed enclosing the hydro-
phobic amino acids within the body of the molecule. 
Tropoelastin is transported outside the cell and 
the enzyme lysyl oxidase converts most of the £-amino 
terminals of lysine residues in tropoelastin to 
aldehydes. These aldehydes condense through chemical 
or possibly enzymatic reactions to form cross-links. 
As the cross-links are formed the molecules become 
insoluble and aggregate to an easily deformable and 
elastic tissue. 
In the early stages of synthesis elastic tissue 
is composed almost exclusively of microfibrils. These 
microfibrils are also synthesized by the fibroblasts, 
and as they are synthesized they are laid in bundles 
along small infoldings on the outer surfaces of the 
fibroblasts. As the elastic tissue matures, elastin 
accumulates around the microfibrils. Eventually, at 
maturation, the elastic tissue is composed of elastin 
in which the microfibrils are embedded. 
Apparently the size and shape of the elastin 
fibers are determined by the microfibrils since they 
are deposited at the sites where elastin will grow. 
This is also suggested by the fact that the microfibrils 
are positively charged while tropoelastin is negatively 
charged (57). Therefore an electrostatic attraction 
~s expected to exist between them resulting in the final 
elastic shape. Thus the microfibrils may be acting as 
a template for the deposition and shaping of the elastic 
fibers. 
Tropoelastin 
The soluble precursor of elastin, tropoelastin, 
has been shown to be present in the aortas of pigs raised 
on a copper-defi~ient diet (58-60). A deficiency of 
copper will result in an impediment to maturation of 
tropoelastin into elastin, as it is known that lysyl 
oxidase requires copper to oxidize the lysine residues 
9 
in tropoelastin to form the precursors of the cross-links. 
Upon comparison of the amino acid composition of 
elastin with that of tropoelastin, it is found tha~ 
soluble tropoelastin is chemically similar to mature 
insoluble elastin except for the presence of desmosine 
and isodesmosine cross-links in elastin. The lysine 
content is very high in tropoelastin and relatively 
low in elastin (61 1 62). 
Sandberg et al. (61), using SDS polyacrylamide 
gel, determined the molecular weight of tropoelastin 
as 67,000 daltons indicating close to 800 amino acid 
residues. To ascertain further the relationship of. 
tropoelastin to elastin, they digested tropoelastin 
¥ 
with elastase and compared the peptide "fingerprint" 
map with one obtained from an elastase digest of 
insoluble mature elastin (61). There were 26 peptide~ 
common to both and seven were present in higher 
quantities in tropoelastin. This again supports the 
relationship of tropoelastih to elastin. 
II Elastin Content of Tissue. 
As presented in the Introduction, elastin is 
present in tissues where elasticity and tens~le strength 
are needed. The relative content of elastin therefore 
varies from tissue to tissue. The vertebral ligaments 
of humans require high elasticity for movement in all 
directions and contain a considerable amount of elastin, 
some 60-70% of the dry weight (68). The ligamentum 
nuchae of cattle, which participates in load bearing, 
also contains about 65-70% ~lastin (7). The walls of 
10 
the large arteries have the ability alternately to 
stretch and rebound in response to every heartbeat and 
contain about 30-40% elastin. The thoracic aorta 
contains about twice the elastin of the abdominal aorta, 
.which in turn has more elastin than the iliac 6r femoral 
artery (17,69). 
In loose connective tissue, such as skin, where 
slight elasticity is needed, elastin occurs sparsely 
and the fibers are scattered throughout the tissue, with 
elastin representing 2-6% of the dry weight (70). 
Similar to the regular movement of the walls of arteries, 
the walls of the lung alveoli expand upon inhalation 
and relax upon exhalation; the elastin content -0f lung 
is between 7-14% of the dry weight (71,72). 
III Structure-Function Relationship. 
The importance and function of elastic tissue 
lies in its extensibility up to twice its original 
length. This phenomenon has intrigued numerous investi-
gators over the past 150 years. Tilamus (73) in 1844 
and Richard et al. (74) in 1902 compared the elastic 
properties of elastin to those of rubber. Ranke (75) in 
1925 compared elastin to a· steel spring as later did 
Meyer et al. (76) and Wohlish et al. (77). Romhanyi (78) 
11 
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came to the conclusion that the elasticity of elastin 
is due both to the physical arrangement and a unique 
chemical structure. Although many models have been 
introduced to explain the structure-function relationship 
of elastin, there is no agreement on a single model. 
The difficulties in determining this relationship 
are due to two main factors; first, elastin is extremely 
-insoluble and therefore has not yielded to complete 
sequential analysis; secondly, elastin lacks a good X-ray 
diffraction pattern (79-81). Investigators have there-
fore turned towards the soluble precursor of elastin, 
tropoelastin, for analysis as well as to fragmentation 
of elastin and analysis of the fragments~ 
The major theories introduced in the past decade 
consist of: 1) the globular model theory of Partridge 
(l); 2) the liquid. drop model of Weis-Fogh and Anderson 
(82); and 3) the oiled-coil model of Gray et al. (83). 
The Globular Model 
Partridge (1,7,42) was able to pack glass columns 
with water-swollen elastin fibers and showed that the 
"resin" behaved as a molecular sieve. He estimated the 
size of the pores and found them to have a diameter of 
3.0-3.3nm. From electron microscopic studies he suggested 
' the elements of elastin fibers were short, thick rods 
·l.6nm in diameter. Aided by his discovery of the cross-
links desmosine and isodesmosine (39,40), he suggested 
the following picture for the structure of elastin and 
the moiety responsible for its elasticity. In hydrated 
elastin, the structure consists of two distinct phases 
in which the hydrophobic elements tend to adopt a 
globular conformation with the hydrophobic groups 
directed toward the center and the hydrophilic groups 
outward in contact with the solvent. The lysine residues, 
being positively charged at the physiological pH of 7.4, 
would be on the surface of the globular protein molecule 
where they can condense with each other on oxidation to 
form interchain cross-links. The result would be a 
structure in which each globular molecule is cross-linked 
with its neighbor at four points directed toward the 
corners of tetrahedron. 
13 
With the help of a 3-dimensional model he calculated 
the void space to be 66% of the volume, which is consistent 
with the amount of water in hydrated elastin. Accordingly, 
the inherent elastic properties of the elastic polymer 
brought about by a cross-linked structure stems from the 
conformational change of the globular molecule from a 
spherical shape in the relaxed state to an ellipsoidal 
one in the stretched state and back to its original shape 
upon removal of the strain. 
Thermodynamically, on stretching, the globular 
fibers are deformed and as a consequence the hydrophobic 
residues. are exposed to the solvent water. The transfer 
of the hydrophobic groups from a hydrophobic environment 
to the polar one of water will result in a considerable 
decrease in entropy of the system. The fiber chains· must 
be able to move freely relative to each· other and become 
oriented during stretching. Upon stretching decreased 
freedom of these chains occurs together with a decrease 
in the entropy of the fibers. The decrease in entropy 
in both cases is thermodynamically not favorable. 
Consequently there will be a· force tending to stabilize 
the thermodynamic state of the system by driving it 
towards equilibrium. The sum of the decreases in 
configurational entropy of the system provides the bulk 
of the re.storing force from the stretched state back to 
the relaxed state. 
The Liquid Drop Model 
Weis-Fogh and Anderson (82), in a mechano-calo-
rimetric experiment, determined the heat exchange of 
stretch and relaxation in elastin strips prepared from 
bovine ligamentum nuchae in water and other solvents. 
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They were able to measure the rates of heat production 
on stretching and the heat uptake on relaxation, as well 
as the mechanical work done by the stretched strips once 
the straining force is removed. Their data suggested 
. that: 1) the heat produced during stretching was equal 
to the heat uptake during relaxation; 2) the change in 
internal energy during stretching was equal to the change 
during relaxation; and 3) the change in internal e·nergy 
during stretching or relaxation was much greater than 
the mechanical work energy. 
As a consequence of points (1) and (2), such a 
system can be considered as a closed, reversible 
thermodynamic system working at constant temperature and 
pressure and with very small volume changes. As a conse-
quence of point (3) they suggest that deformation of 
elastin in water involves reversible chemical changes 
, 
which are several times larger in terms of energy than 
the corresponding mechanical changes. They went further· 
and calculated the surface area of the elastin molecule, 
assuming a M.W. of 67,000, and found that the hydrophilic 
residues in elastin constituted 5% of the total amino 
acid residues. Therefore the hydrophilic residues would 
not cover the elastin globular molecule. They suggest 
15 
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that the interface between globules and water must con~ain 
both hydrophobic and hydrophilic residues. Nevertheless 
they have retained the globular form of the molecule and 
called it the liquid drop model. 
Recently, Weis-Fogh et al. (84) used a fluorescent 
probe, l-anilinonapthalene-8-sulfonate (ANS) to investigate 
the reversible configurational change of elastin upon 
stretching. ANS was found to bind to protein subunits 
of 74,000 daltons. The fluorescence of ANS varies accord-
ing to the polarity of the ~olvent and the mobility of 
the probe. The fluorescence quantum yield decreases in 
a more polar solvent and increases in a less polar 
solvent; and the fluorescence quantum yield decreases 
in a highly mobile probe and increases in a constrained 
state. 
In their investigation they found that in the 
stretched state the elastic fiber-ANS-complex fluores-
cence quantum yield was less than in the relaxed state. 
They suggest that this can be attributed to a net 
movement of the probe from a region of lower polarity 
to a r~gion of higher polarity or from a region of more 
constraint to a region of lower constraint. They were 
not able to distinguish between the two effects. They 
·/ 
concluded that these results are consistent with their 
original liquid drop model and with the concept that 
elastin consists of a two-phase system of relatively 
condensed protein globules and free solvent spaces. 
·The Oiled Coil Model 
Gray et al. (83,85) analyzed the amino acid 
sequences in tropoelastin after digestion with trypsin. 
They isolated the tropoelastin from the aortas of copper~ 
deficient pigs (83). 
Their data revealed that there are two types 
of regions in elastin; alanine and lysine riih areas, 
and glycine, proline, and valine rich areas. They 
associated the former regions with cross-linking and 
the latter with extensibility. Multiple copies of the 
sequences -Lys-Ala-Ala-Lys- and -Lys-Ala-Ala-Ala-Lys-
were found in the cross-linking regions while a great 
number of the sequences (-Pro-Gly-Val-Gly-Val-) were 
, n 
found in the regions concerned with extensibility. The 
cross-linking regions would favor an a-helical structure, 
as shown in Fig. 1, where cross-linking would be 
facilitated, since pairs 6f lysine side chains would 
protrude from the same side of the a-helix. This 
particular orientation is due to the fact that every 
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3· 6 res. 
· · ··-Ly s-A la-A Io-Ly s- .... 
. . . · -Lys-Ala-Alo-Alo-Lys- .... 
Fig. 1. a-Helical structure of the cross-linking region 
in elastin, 
3.6 residues would make a complete turn in an a-helical 
structure. Subsequent to the intrachain condensation 
between oxidized lysine residues, interchain condensation 
forming desmosine and isodesmosine would follow. 
As for the regions concerned with extensibility, 
they built a model using CPK atomic models and found 
that these regions formed a wide type S turn that they 
called oiled-coil regions. These regions would not be 
random but would have a preferred structure to which 
they would return when tension was removed. They 
suggested the following overall view of elastin: each 
molecule is fibrillar rather than globular and is made 
up of alternating segments of cross-linking and oiled-
coil regions. The cross~linking regions are rigid 
while the oiled-coil regions are flexible. Each monomer 
is linked to many others forming a network like three-
dimens ional mattress springs. Each of the 6ross-links 
joins only two chains instead of the potential four. 
Chains may be cross-linked at various angles or bent so 
that the network could be isotropic despite the fibrillar 
nature of the monomers. However, they still stress the· 
hydrocarbon-water interaction. Upon stretching, the 
oiled-coil segments would increasingly expose the 
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h.· hydrocarbon core to water leading to restructuring of 
the water accompanied by the thermodynamic changes 
discussed in the globular model of Partridge (1) which 
provides the restoring force. The cross-linking regions 
.remain rigidly attached and are not free to diffuse. 
Although Piez et al. (86), through l3C-NMR studies, 
suggested that the elastin peptide chains have a high 
. mobility in their native state, Gray et al. (83) maintain 
that this mobility reflects the oscillation and flexion 
of the network of coils rather than random segmental 
motion of the subunits. 
IV Amino Acid Composition of Elastin. 
Elastin, like collagen, is characterized by large 
amounts of glycine, alanine, and valine. Unlike collagen 
it contains little hydroxyproline. The nonpolar amino 
acid residues in elastin form almost 95% of the total. 
Elastin is unique in that it is the only protein so fa~ 
analyzed that contains desmosine and isodesmosine (Fig. 2) 
which contribute less than 1% of the weight of elastin. 
The composition of elastin varies from species to species. 
A number of investigators have determined the amino acids 
of elastin from various sources purified in various ways 
(8,70). Table 1 gives the best available data. 
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Fig. 2. Desmosine and isodesmosine structures. 
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1 22 t.· .. TABLE 
ii-
~~ 
~~ : Amino acid composition of various elastins F 
if. 
Residue per 1000 residues 
Amino acid Human skin Bovine lig. Porcine aorta (70) nuchae (8) (62) 
Hydroxyprolirte 6.4 7.1 14.5 
~ Aspartic acid 2.8 7.3 8.8 
Threonine 4.8 10.1 7.4 
Serine 5,6 9,9 8.1 
Glutamic acid 15.0 17.4 20.9 
Pro line 149.4 125.4 93.8 
Glycine 330.9 316.2 328.9 
Alanine 249.4 213.3 233.3 
Valine 105.7 134.0 124.9 
Isoleucine 19.9 26.6 19.6 
Leu cine 54.1 64.7 57.4 
Tyrosine 16.8 6.1 16.9 
Phenylalanine 20.3 33.6 32.3 
Isodesmosine 1. 2 1.1 2.0 
Desmosine 1. 6 1. 7 2.1 
Lysine 3.8 3.6 . 7. 6 
Histidine 0.5 1.1 
Arginine 3.6 6.6 6.6 
Lysinonorleucine Trace 0.9 
denotes that the content was not determined. 
CHAPTER II 
DESMOSINE AND ISODESMOSINE 
.The Cross Links 
Elastin, unlike collagen, has a low modulus of 
elasticity, and inherent rapid and reversible extensi-
bility. As. would be expected, an elastic protein has a. 
highly cross-linked structure. The function of these 
cross links is to maintain the gross form of the protein 
structure and to limit the degree of extensibility under 
tension. 
All the known cross links in elastin are derived 
from lysine. Sirice cysteine is not found in elastin 
the sulfur bridg.es found in other proteins are not 
possible. The major cross links in mature elastin are 
desmosine and isodesmosine whose structures are shown in 
Fig. 2. Other minor cross links, lysinonorleucine and 
merodesmosine, are shown in Figs. 3 and 4. 
I Biosynthesis of Desmosine and Isodesmosine. 
The first evidence of lysine as a precursor of 
the cross links came from the laboratory of Partridge 
et al. (39-44). This group discovered and characterized 
the cross links desmosine, isodesmosine, and later mero-
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Fig. 3. General pathway for the biosynthesis of desmosine 
and isodesmosine. 
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Fig. 4. Reactions of dehydrolysinonorleucine and dehydro-
merodesmosine leading to isodesmosine and desmo-
sine respectively. 
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desmosine. In their early work, Partridge et al. found 
that if the desmosines are mildly oxidized with alkaline 
ferricyanide, the desmosine ring is destroyed and a 
lysine molecule is found as one of the products. Simi-
~ larly Anwar and Oda (89) degraded the desmosines by 
incubating them in 6 M NaOH at llOOC for 70 hours, or 
in 10 M NaOH for 16 hours at lOOOC. They found one of 
the products to be lysine. However only 40-70% of the 
potential lysines were liberated. 
Metabolic studies, independently performed in 
several laboratories, also produced the same results. 
Miller et al. ( 90) incubated aorta of chick. embryos for 
24 hours with 14c-lysine. They then isolated the elastin 
and upon analysis of the radioactivity found that lysine 
was the only radioactive amino acid and that the 
desmosines were unlabelled. When these same aortas were 
incubated with unlabelled lysine for an additional 7 
days, the desmosines were strongly labelled. 
More convinc1ng evidence came from Partridge (91). 
He injected rats with radioactive lysine daily for 
ten days. He then isolated the elastin from the aortas 
and hydrolyzed it in 6 M HCl at ll0°c for 48 hours. 
He isolated desmosine, isodesmosine and lysine. 
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His results showed that the ratio of radioactivity of 
desmosine to lysine and of isodesmosine to lysine was 
2 in both cases. This was taken as an indication of the 
incorporation of only two molecules of ,radioactive lysine 
into each of the desmosines. He argued that the reason 
for the ratio not being 4 is that it takes longer than 
11 days for the desmosines to form. Pulse experiments 
were done in which rats were injected with radioactive 
lysine for one day only and then sacrificed at different 
intervals. Elas~in from the aortas was isolated and the 
radioactivity of the desmosines and lysine assayed. The 
results showed that the ratio of radioactivity of each 
of the desmosines to lysine rose from about 1.47, 0.5 
days after the last injection of labelled lysine to 4.43 
after 17 days. The obvious conclusion was that 4 lysine 
molecules are incorporated into each of the desmosines. 
Since it took 17 days for the ratio to reach 4.43, 
Partridge suggested a pathway whereby 4 neighboring lysine 
molecules have 3 of their £-amino groups oxidatively 
deaminated and cyclize forming a substituted pyridinium 
ring. 
It is known that copper-deficiency and lathyrogenic 
agents inhibit the normal biosynthesis of collagen and 
27 
elastin and result in denatured proteins. It was also 
found that the same agents inhibit biosynthesis of the 
desmosines. The inhibitors are B-aminopropionitrile 
(BAPN), semicarbazide, and a copper-deficient diet. 
The inhibition is based on the fact that lysyl oxidase 
requires copper for its activity. The lathyrogenic agents 
inhibit the biosynthesis of the desmosines by binding to 
the aldehyde groups that are the products of the action 
of.lysyl oxidase on the £-amino groups of lysine. This 
inhibits any further cross-linking. O'Dell et al. (92) 
took advantage of the above phenomenon and, in an organ 
culture medium grew aortas from ducklings a few days old. 
14 The first two days the medium contained C-lysine, and 
the cultures were then continued for 12 days with un-
labelled lysine. Some cultures contained BAPN, some had 
copper-deficient media, and the rest were controls with 
normal nutritional supplements. The results showed that 
in the presence of BAPN or in the copper-deficient medium 
the rate at which lysine appeared in elastin was not 
affected; however, the rate of incorporation of lysine 
into the desmosines was markedly affected. It was con~ 
eluded that there must be intermediates. 
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One obvious possibility would be the condensation 
product of two lysine molecules that have one of their 
E-amino groups deaminated. This.was found to be the 
~ case by FranzblaU: et al. (93), who were able 'to identify 
lysinonorleucine (Fig. 3) in elastin hydrolysates • 
. The next step was described by Partridge et al. 
(41) who found that the reduction of elastin with NaBH4 
followed by acid hydrolysis gave a peak overlapping with. 
lysinonorleucine on the amino acid analyzer. They 
attempted to isolate this compound in quantity. By a 
combination of methods they obtained the empirical · 
formula of c18 H34 06 N4 . H2o, with a molecular w~ight 
of 436 ·(theory 420). The empirical formula .suggested an 
18 carbon compound which was a condensation product of 
three lysine residues which they called merodesmosine. 
They proved that the product they isolated was indeed 
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merodesmosine by derivatizing it to the tetra-N-trifluoro-
acetyl tri-n-butyl ester and analyzed its mass spectrum. 
From the fragmentation information, they were able to 
locate the four nitrogen atoms in merodesmosine as primary 
or secondary residues and the six oxygen atoms as three 
carboxyl residues. The molecular ion derivative gave a 
value of 954.36 daltons, which corresponds very closely 
to the theoretical value of the molecular weight of the 
merodesmosine derivative. 
Merodesmosine could arise from either the 
condensation of the Schiff-base of lysinonorleucine 
(dehydrolysinonorleucine) with a lysyl molecule, or 
from the condensation of two oxidized lysine molecules 
that have condensed (aldol-condensation product) with 
a third lysyl residue. In either case the reduced form 
of merodesmosine (dehydromerodesmosine) is first formed 
and subsequently reduced to merodesmosine. The 
structure and possible pathways of the biosynthesis 
of these compounds are shown in Figs. 3 and 4. 
Miller et al. (94) oxidized elastin with performic 
acid and isolated a-aminoadipic acid. Lent et al. ( 95) 
hydrolyzed elastin in 6 M NaOH following reduction 
with NaBH4 and were able to identify a.-aminoadipic acid 
o-semialdehyde. 
Paz et al. (96,97) reduced elastin with (3H) 
NaBD4 and (3H) NaBH4 and then hydrolyzed the product in 
6 M HCl for 48 hours at 110 °c. The amino acids were 
subjected to mass spectrometry and from the differences 
in their masses they were able to determine the ratio of 
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dehydromerodesmosine to merodesmosine as 1. They also 
identified lysinonorleucine and its Schiff-base precursor, 
dehydrolysinonorleucine. 
Partridge et al. (91) and Davis and Anwar (98) 
have postulated that a precursor of the desmosines in 
the form of a cyclic compound with one or two double 
bonds in the ring should occur in the biosynthetic path-
way. The cyclic compound oxidizes instantaneously to 
the desmosines. Anwar called it dehydrodesmosine while 
Paz et al. (96,97) called it dehydrodesmopiperidine, 
the structure of which is shown in Fig. 4. Paz et al. 
produced some evidence that it has a single double bond 
in the ring. They reduced elastin with (3H) NaBD 4 and 
then hydrolyzed it in 6 M HCl at 110 °c for 24 hours. 
They derivatized the amino acids of the hydrolysate to 
the N-trifluoroacetyl methyl ester derivatives. With 
the aid of mass spectroscopy they were able to show the 
presence of 2,3,4,5-dehydroisodesmopiperidine and 2,3, 
5,6-dehydrodesmopiperidine as well as their precursors, 
4-hydroxy-2,3,-dehydroisodesmopiperidine and 2-hydroxy-
5,6-dehydrodesmopiperidine, respectively. 
Incorporating all the available information, the 
schemes shown in Fig. 3 and Fig. 4 seem.to be the most 
logical pathway for the biosynthesis of the desmosines. 
Fig. 3 is more of a general pathway while Fig. 4 gives 
some of the possible reactions in detail. 
It is generally agreed that the key step in the 
biosynthesis of all the lysine-derived cross-links is 
the first step, namely, the oxidative deaminatiort of 
the e:-amino groups of selected lysine residues to yield 
a-aminoadipic acid o-semialdehyde. The first step is 
accomplished by the enzyme lysyl oxidase (94,99,100). 
This aldehyde·can react in either of two ways; it can 
combine with another lysine residue and form the Schiff-
base dehydrolysinonorleucine, or conden~e with another 
aldehyde of the same structure and form what is known 
as the aldol condensation product, shown in Fig. 3. 
Dehydrolysinonorleucine can be reduced to form lysinonor-
leucine or it can combine with an aldol-condensation 
product and form the first cyclic precursor of isodes-
mosine, 4·-hydroxy-2, 3, -dehydroisodesmopeperidine which 
can dehydrate and.form 2,3,4,5,-dehydroisodesmopeperidine 
which can spontaneously oxidize to isodesmosine shown 
in Fig. 4. The aldol condensation product can condense 
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with a complete lysine molecule and form dehydromero-
desmosine, or react with dehydrolysirtonorleucirte as 
just described. The dehydromerodesmosine can be reduced 
to merodesmosine or react with a~aminoadipic acid o-
semialdehyde and form the first cyclic precursor of 
desmosine, 2-hydroxy-5,6,-dehydrodesmopiperidine, which 
can d~hydrate to form 2,3,5,6,-dehydrodesmopiperidine, 
which can then be oxidized spontaneously to desmosine 
(1,94,96,98,101). 
The question ma~ arise of how is·it that only 
three neighboring lysine residues are oxidatively 
deaminated at their E-amino groups while the fourth 
one is not. This question may have been answered by 
the recent investigation of Gerber and Anwar (102). 
They digested elastin with elastase and used the Edman 
degradation technique on the desmosine-containing 
peptides. This permitted the isolation of peptides 
C-terminal to the desmosine cross links. Their results 
show that the sequences of the C-terminal peptides were 
found to fall into two categories, one starting with a 
hydrophobic residue and the other with alanine. They 
propose that all lysines preceded and followed by alanine 
or similar small amino acids are oxidized, while all those 
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followed by large hydrophobic amino acids retain their 
e:-amino group and donate the nitrogen to the formation 
of the nucleus of the desmosines. 
II Isolation of Desmos~ne artd Isod~smo~ine from Elastin. 
34 
For characterization of desmosine and isodesmosine, 
pure compounds are needed. Since these compounds are not 
commercially available they had to be isolated and purified 
from elastin. The elastin used was isolated from bovine 
ligamentum nuchae and obtained from Sigma Company. The 
isolation of the desmosines requires the hydrolysis of 
elastin, fractionation of the hydrolysate, and purifi-
cation of the compounds. 
Amino Acid Analysis 
All amino acid analyses of hydrolysates or of 
hydrolysate fractions were done on a Beckman amino acid 
analyzer, Model 121, in conjunction with an Infotronics 
Integrator, Model CRS-101. The amino acid analyzer was 
equipped with two types of resins, AA-15 and PA-35, 
packed in two separate columns. The column packed with 
AA-15 resin was 59 cm X 0.9 cm, while the column packed 
with PA~35 resin was 11 cm X 0.9 cm. PA-35 is a 7.5% 
cross-linked resin with a particle size of 13 + o.6 um 
and AA-15 is an 8% cross-linked resin with a particle 
"' 
sizes of 22 + 0.6 um. Both are spherical sulfonic acid 
resins. 
Programs for Amino Acid Analysis 
Program No. 1, Fig. 5, was used when analysis 
was performed on AA-15 columns. The first eluting 
buffer was 0.2 N sodium citrate at pH 3.25, the second 
buffer contained 0.4 N sodium citrate at pH 4.12, and 
the third buffer contained 1.0 N sodium citrate at pH 
6.40. 
Program No. 2, Fig. 6, was used for analysis of 
the desmosines in a complete hydrolysate on PA-35 columns. 
The first eluting buffer consisted of 0.2 N sodium citrate 
at pH 3.49, the second buffer contained 0.35 N sodium 
citrate at pH 4.50, and the third buffer contained.0.35 N 
sodium citrate at pH 5.80. 
Program No. 3, Fig. 7, was used for quick detection 
of the presence of the desmosines on PA-35 resin, mostly 
during fractionation. Only one eluting buffer was used, 
0.35 N sodium citrate at pH 4.85. 
Program No. 4, Fig. 8, was specifically used for 
the quantitative analysis of desmosine, isodesmosine, 
and lysine on PA-35 resin. The first eluting buffer 
consisted of 0.2 N sodium citrate at pH 3.45, the second 
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Fig. 5. 
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buffer consisted of 0.35 N sodium citrate at pH 4.25, 
and the third buffer contained 0.35 N sodium citrate at 
pH 5.35. 
In all cases the resin was washed with 0.2 M 
NaOH and regenerated with the first eluting buffer. The 
ninhydrin flow rate for both columns was 35 ml/hr. The 
buffer flow rate for the AA-15 resin was 70 ml/hr and 
for the PA-35 resin 68 ml/hr. The temperature of both 
columns was maintained at 56 °c. To all buffers was add-
ed ·o. 4 ml/liter of 25% thiodiglycol solution to keep a 
reducing atmosphere. One ml/liter of toluene was added 
to impede bacterial, fungal, and mold growth. 
40 
Ninhydrin solution was prepared according to the 
Beckman amino acid analyzer manual. Into an 8-liter 
narrow-neck bottle 2 liters of filtered 4 N sodium acetate 
buffer is poured, followed by 6 liters of methyl cellosolve. 
The mixture is stirred magnetically. The bottle is fitted 
with a two-hole stopper with glass tubing running througn 
each hole, one reaching the bottom of the container and 
the other just penetrating the stopper. Nitrogen is 
bubbled through the mixture and stirring is continued 
for 15 min. At this point 160 g of ninhydrin is added 
to the mixture with caution to minimize exposure of the 
solution to air. The solution is stirred until the 
ninhydrin is completely dissolved. Once this is com-
plete, 3.2 g of SnC12 . H20 is added to the solution 
and the mixture stirred for another 8 min. The ninhydrin 
solution is transferred to the reservoir of the amino 
acid analyzer which is constantly kept in a nitrogen 
atmosP.here. The transfer is accomplished by reversing 
the flow of nitrogen into the short glass tube and 
connecting the long glass tube to the reservoir bottle. 
Hydrolysis of Elastin 
A two liter Pyrex flask was fitted wi~h an adapter 
that allowed the control of the atmosphere inside the 
flask during hydrolysis. The hydrolysis was done in 
partial vacuum or under nitrogen. A steam bath was used 
to maintain the hydrolysis temperature at 100 °c. Usually 
10 g of elastin were hydrolyzed in 1 liter of 6 M HCl 
for 48 hours. The hydrochloric acid was removed by 
repeated evaporation in a rotary evaporator in vacuo at 
60 °c. The addition of distilled water to the residue 
41 
and subsequent rotary evaporation was continued until the 
pH of the solution was 1.8-2.0. At this point the solution 
was evaporated to dryness and the residue taken up in 25 ml 
of 0.5 M acetic acid and the pH adjusted to 2.8 with 3 M 
NaOH. 
The hydrolysate at this point had a yellowish 
color and was decolorized with 5-10 mg of Norite. The 
solution was then filtered through a 3 ~m pore Millipore 
filter, No. SSWP 02500. The filtrate had a slightly 
yellowish color and was ready for fractionation. 
Chromatographic Fractionation of Elastin Hydrolysate 
The two desmosines have the same molecular weight, 
543. Gel-chromatography as an initial step would cause 
the desmosines to be eluted earlier than most of the 
other amino acids as they.are 3 to 4 times larger than 
any of the others. 
Thornhill (103) used Bio-Gel P-2 (400 mesh) to 
separate the desmosines from an elastin hydrolysate .. He 
used 0.5 M acetic acid as elution buffer. The fraction 
containing the desmosines was a mixture of both isomers 
plus a few other contaminants, This was expected, since 
both isomers have the same molecular weight and approxi-
mately the same shape. For this work, Bio-Gel P-2 (200 
mesh) was chosen. A Pharmacia glass column 85 X 2.5 cm 
in dimension was packed with Bio-Gel P-2 resin (200 mesh), 
obtained from BioRad Corporation, Richmond, Ca .. The void 
volume was calibrated using dextran blue, 2,000 daltons, 
42 
" 
and was 120 ml. 
Aliquots of elastin hydrolysate ranging from 
5 to 15 ml were applied and eluted with 0.5 M ac~tic 
acid solution. The elution was accomplished by a 6 
ft height gravity force with a flow rate of 12 ml/min. 
The effluent solution was collected in 5 ml aliquots 
with a fraction collector (Buchler Instruments, Fort 
Lee, N.J.). The effluent solution was monitored at 
280 nm or 274 nm with a Canalco u.v. Spectrophotometer, 
model M-2, from Canal Industrial Corporation, which 
was equipped with an event marker that enables the 
matching of a fraction with the corresponding peak. 
Fig. 9 depicts the elution profile of an elastin 
hydrolysate. 
Fractions corresponding to each peak were pooled 
and lyophilized. The residue of each peak was dissolved 
in 5 ml or 0.2 N sodium citrate buffer of pH 2.0. An 
aliquot of each was applied to the amino acid analyzer 
using the PA-35 resin with program #2 Fig. 12. The 
desmosines were found to be only in the fractions 
corresponding to peak (a) in Fig. 9. The amino acid 
analysis of peak (a) is shown in Fig. 10., which shows 
that the fractions corresponding to peak (a) also 
43 
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Fig. 9. Elution profile of elastin hydrolysate applied 
to Bio-Gel P-2 resin, 85 x 2.5 cm. 
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Fig. 10. Aminogram of peak a (from Fig. 9). PA-35 resin 
was used. 
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contained isoleucine, lysine, and a few other amino 
acids. To obtain a purer preparation of the desmosines, 
a larger column of P-2 resin was used. This column was 
115 cm in height and had an inner diameter of 5 cm. Its 
void volume as calculated by dextran 2,000 was 500 ml. 
at a flow rate of 8 ml/min, using a 6 ft high gravity 
feed. 
Elastin hydrolysate, 10 ml, was applied and 
elution was accomplished with 0.5 M acetic acid solution. 
The elution profile is shown in Fig. 11. The fractions 
corresponding to peak al, along with those calculated to 
overlap with a2, were pooled and lyophilized. The residue 
was dissolved in 0.2 N sodium citrate buffer at pH 2.2 and 
an aliquot applied on the ~A-35 resin, with program #2 
(Fig. 6). The procedure was repeated for fractions 
corresponding to peak a2. The amino acid chromatograms 
46 
of both peaks are shown in Fig. 12 and Fig. 13 respectively. 
It is obvious that the desmosines fraction contains fewer 
contaminants than fraction (a) of the smaller column. 
It is also clear that there was no loss of the desmoiines 
into peak a 2 . 
I 0 
c . 
~ 
N 
.. 
.. 
700 1000 
Fig. 11. Elution profile of elastin hydrolysate applied 
to Bio-Gel P-2 resin, 115 x 5 cm. 
47 
'\ 
!~ 
0 40 min 80 
E 
& 
c 
120 
Fig. 12. Aminogram_ of peak a 1 (from Fig. 11). PA-35 
resin was used. 
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Fig. 13. of peak a 2 (from Fig. 11). PA-35 
resin was used. 
The next step was to separate and purify the 
desmosines. To achieve this on a large scale, an ion-
exchange resin was used, the principle being that the 
slight difference in the structure of the desmosines 
50 
~ will provide the needed requirements for their separation. 
The difference of their behavior in an electric field 
would not be expected to be adequate for large scale 
separation since both have the same number of charges; 
consequently, gel-electrophoresis was not considered. 
In a cation-exchange resin the difference in the 
structure of desmosine and isodesmosine would be expected 
to manifest itself. The desmosine quaternary nitrogen 
is well exposed to solvent and resin active moiety, while 
in isodesmosine it is partly hidden by the adjacent side 
chain on the 2-position of the heterocyclic ring. Conse-
quently, isodesmosine is not expected to bind to the resin 
as strongly as desmosine and therefore will be eluted 
first with the appropriate buffer. This conclusion has 
already been proven by the results of the amino acid 
analyzer chromatograms. 
Several cation-exchange resins have been used in 
the literature. Ledvina and Bartos (104) separated the 
amino acids of elastin hydrolysate on a 50 cm. Dowex 
owx4 resin at 50°c. Elution was accomplished with 
0.38 M sodium citrate buffer at pH 4.35. Corbin (47) 
used a cation-exchange column packed with Beckman 
Custom Research Resin, type PA-28. Elution was accom-
plished with 0.2 N sodium citrate buffer at pH 5.28, 
with a flow rate of 1.17 ml/min. Gerber and Kemp (105) 
also used a Beckman Custom Research Resin, type AA-15. 
Elution was accomplished with two consecutive buffers, 
0.2 N sodium citrate at pH 3.25 and 0.38 N sodium citrate 
pH 4.26. Partridge (39) used the following procedure: 
desmosine and isodesmosine were separated together as a 
single fraction by absorption on alumina from 50 percent 
v/v aqueous methanol solution followed by elution with 
water. The mixture was further fractionated by use of a 
30 cm column packed with sulfonated polystyrene resin, 8% 
divinylbenzene. Elution wa~ accomplished with 0.2 N 
sodium citrate buffer at pH 4.25 and at 50°c. Anwar (44) 
used a 50 cm column of the Spinco Amino Acid Analyzer at 
5ooc and eluted with 0.2 N sodium citrate buffer at pH 
4.45. He achieved 
isolate enough for 
desmo.sines. 
~ good separation and was able to 
p~rtial characterization of the 
51 
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Since Beckman resin PA-35 achieved a very nice 
separation on the amino acid analyzer it would have been 
relatively easy to separate and isolate large quantities 
of the desmosines on ~ larger column; however, the high 
cost of such a resin prohibited its use in a large scale 
isolation procedure . 
. Fortunately a substitute was found. The resin 
Aminex Ms "C", obtained from BioRad Corporation, resembled 
the PA-35 resin. It had a particle size diameter of . 
28 + 7 um and is a spherical sulfonic acid resin. 
A Pharmacia jacketed glass column, Model K-26, 
35 X 2.5 cm, was packed with Aminex Ms 11 c11 resin and 
the temperature was kept at 45 °c with circulating heated 
water. The desmosines were isolated as follows. The 
fractions corresponding to peak al in Fig. 11 were pooled 
and lyophilized. The residue was dissolved in 5 ml of 
0.2 N sodium citrate at pH 2.2 and was applied to the 
Aminex Ms "C" resin. Elution was accomplished with 0.38 
N sodium citrate pH 4.26. The elution profile is shown 
in Fig. 14. The flow rate was 252 ml/hr. Isodesmosine 
fractions were collected in the 900-970 ml elution volume 
(e), and desmosine between 1050 and 1150 ml (f). These 
fractions were pooled, lyophilized, and then run on the 
52 . 
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Fig. 14. Elution profile of peak a1 (from Fig. 11) applied 
to Aminex Ms "C" resin, 35 x 2.5 cm. 
amino acid analyzer using AA-15 resin with program #1 
(Fig. 5). Fig. 15 and Fig. 16 show that the isodesmosine 
fraction was pure while the desmosine one was not. Iso-
desmosine eluted on the amino acid analyzer at 162 min, 
desmosine at .168 min, and ammonia at 210 min. The Aminex 
Ms "C" resin was washed with 0.2 M NaOH and regenerated 
with 0.2 N sodium citrate buffer at pH 3.45. 
To obtain pure desmosine, it was decided that 
instead of repeated fractionation of the Aminex Ms "C" 
resin, a larger column should be built for complete 
separation in a single run .. Therefore a Pharmacia 
jacketed column, Model K-50, 85 X 5 cm, was packed with 
Aminex Ms "C" resin. The temperature was maintained at 
45 °c. An aliquot from peak al in Fig. 11 was applied 
54 
to the column and elution was initiated with 0.2 N sodium 
citrate pH 3.25 for 100 ml of effluent, then 0.38 N sodium 
citrate pH 4.50 for 1000 ml, and last with 0.38 N sodium 
citrate pH 5.65. The flow rate was 12 ml/min. The elution 
profile is shown in Fig. 17. Peaks 6 and 7 correspond to 
isodesmosine and desmosine respectively. Aliquots of 
the pooled fractions corresponding to these peaks, when 
applied on the amino acid analyzer showed that both 
compounds are pure. Fig. 18 shows the desmosine peak. 
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Fig. 15. Aminogram of peak e (from Fig. 14). PA-35 
resin was used. 
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Fig. 16. Aminogram of peak f (from Fig. 14). PA-35 
resin was used. 
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Fig. 17. Elution profile of peak a1 (from Fig. 11) applied 
to Aminex Ms "C" resin, 85 x 5 cm. 
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Fig. 18. Aminogram of peak# 7 (from Fig. 17). PA-35 
resin was used. 
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Desalting 
Although the desmosines were pure and free from 
all other amino acids, they were still in citrate buffer 
and not much could be done with them. Chara~terizing 
chemical reactions, infrared spectroscopy, or ultraviolet 
spectroscopy have to be done on pure samples • 
. The best desalting procedure was found to be that 
of Anwar et al. (44) with a slight modification. The 
resin used was Dowex 50WX8 cation-exchange resin, 50-100 
mesh, in its hydrogen form. The packed column had a 
dimension of 45 X 2 cm, and a flow rate of 540 ml/hr. 
The hydrogen form of the resin was prepared in 
the following manner; 200 ml of 1 M NaOH was added to 
200 g of the resin and stirred for 20 min. The resin 
was left to settle and the supernatant decanted. The 
resin was then washed 5 times with 500 ml of deionized 
water. Following this, 400 ml of 6 M HCl was added and 
magnetically stirred for 30 minutes. The resin was then 
washed 5 times with 300 ml of deionized water each. The 
resin was used after the last washing. 
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The desmosines fractions containing the sodium 
citrate buffer were lyophilized and the residue dissolved 
in a minimum amount of 0.1 M HCl. The complete solution 
was applied to the Dowex resin and the salt eluted with 
3 liters of water. The desmosines were eluted with 0.5 
M NH40H. 
III Proof of Purity. 
So far the only proof of purity was with the amino 
acid analyzer. Ther£fore it was decided to verify the 
purity of the desmosines by high voltage electrophoresis, 
ultraviolet spectroscopy, nitrogen elemental analysis, 
and by gas chromatography. 
III A. Molecular Weight Determination. 
To determine the molecula~ weight of the desmosine 
and isodesmosine, mass spectroscopy was attempted. To 
prevent the carboxyl and amino groups from reacting with 
the solvent, it was necessary to esterify the carboxyl 
groups in methanol-3 M HCl and to acetylate the amino 
groups with trifluoroacetic anhydride. Acc'ordingly, 2 mg 
of desmosine and isodesmosine were separately dissolved 
in 5 ml of methanol-3 M HCl and incubated at room temper-
ature for 30 minutes. The methanol-3 M HCl was theh 
evaporated to dryness under a stream of nitrogen. The 
60 
residue was dissolved in 3 ml of trifluoroacetic anhidride 
and 1 ml of acetonitrile. The mixture was incubated at 
room temperature for one hour and the excess anhydride 
and acetonitrile evaporated with a nitrogen stream. The 
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residue was placed on dry ice and was taken to Argonne 
National Laboratories for mass spectroscopy. Unfortunately, 
the results were negative. It was not possible to detect 
any molecular ion to correspond with the theoretical 
molecular weight of the derivatized desmosines of 971-
972. This was frustrating, until the desmosine structure 
was better evaluated. Although all of the amino groups 
and the carboxyl groups had been tied up by the e~terifi­
cation and the acetylation procedure, the quaternary 
nitrogen of the heterocyclic ring undoubtedly formed a 
salt which did not volatilize. 
There was a suggestion to reduce the desmosines 
with sodium borohydride thus breaking the aromaticity of 
the ring, abolishing the salt form, and forming a tertiary 
nitrogen. The reduced compounds, once derivatized, do 
become volatile' as will be shown in the gas chromatography 
section. However, this would not be true desmosine any 
longer. Therefore it was decided to verify the molecular 
weight of the compounds from the perce~tage of nitrogen 
present in them (discussed later). Thus, if the percentage 
of the nitrogen is known, the minimal molecular weight is 
given by expression: 
Minimal M.W. = ato~ic weight of n~trogen X 100 
% nitrogen in compound 
and the true molecular weight 
= n X minimal molecular weight 
where n is the number of atoms of nitrogen present in 
the molecule. The percentage of nitrogen in isodesmosine 
was found to be 12.7 and in desmosine 12.9. Assuming 
that the desmosines each contain 5 nitrogen molecules, 
then, using the above formula, the molecular weight of 
isodesmosine is found to be 551.2 and the molecular 
weight of desmosine to be 542.6. The theoretical molecular 
weight is 543, which is reasonable agreement. 
III B. Nitrogen Elemental Analysis. 
The nitrogen content in these compounds was 
determined using a Coleman Nitrogen Analyzer. Each 
assay required at least 0.5 mg of sample. The theoreti-
cal nitrogen percentage of desmosine or isodesmosine 
when the fo.rmula (c 24 H40 0 8 N5 • OH) is used is 12. 88%. 
r 
Accordingly, 0.6 mg each of desmosine and 
isodesmosine were used. The equation used to determine 
the percentage of nitrogen was: 
% Nitrogen = P V* X 0.4493 __ T__ W ___ _ 
where, 
P = Corrected barometric pressure in mm of Hg. 
V* ;:= Net volume of nitrogen trapped and is 
equal to V(N2 final) - V(N 2 boat). 
T = Temperature of N2 gas in °Kelvin. 
W = Weight of sample in mg. 
0.4493 = Conversion factor for Coleman Nitrogen Analyzer. 
When using the above formula, the percentage of 
nitrogen in desmosine was found to be 12.9%, and in iso-
desmosine 12.7%, corresponding extremely well with the 
theoretical value. 
III C. Gas Chromatography. 
The major obstacle for gas chromatography of amino 
acids is their low volatility owing to the presence of 
carboxyl and amino groups. 
However, esterification of the carboxyl groups and 
acetylation of the amino groups were not enough to 
volatilize the desmosines. An initial reduction step 
-
with NaBH4 was undertaken to prepare a derivative that 
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could be volatilized. Accordingly, 0.2 mg of desmosine 
and isodesmosine were dissolved se~arately in 5 ml water 
and the pH was adjusted to 9.2. Following this 0.5 mg 
of NaBH4 was added slowly over a period of 20 minutes; 
the mixture was incuoated at 37 °c for 6 hours and the 
reaction stopped with a few drops of concentrated HCl. 
The solution was evaporated to dryness on a rotary 
evaporator. The residue was expected to contain boric 
acid and reduced desmosines. It was fortunate to find 
that boric acid was not soluble in methanol-3 N HCl. 
Upon the addition of 3 ml of methanol-3 M HCl, the 
reduced desmosines went into solution while the borate 
settled to the bottom. The mixture was centrifuged and 
the supernatant was aspirated and placed in a small vial. 
After an incubation period of 30 minutes at room temper-
ature, the methanol-3 M HCl was evaporated to dryness 
and the residue dissolved in 3 ml of trifluoroacetic 
anhydride and 1 ml of acetonitrile. The mixture was 
incubated for one hour and evaporated to dryness under a 
stream of nitrogen gas. The residue was taken up in 
ethyl acetate and aliquots were applied to a Varian ~.c., 
Model 2200, equipped with 63Ni- electron capture detector. 
The resin used was OV-17, 3% coating, in a 6 ft column . 
• 
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0 The temperature was programmed to start at 120 C and 
to increase at a rate of 1 °c/min. The flow rate of 
the carrier gas (N2 ) was 25 ml/min. 
The results are shown in Fig. 19 for 120 pg of 
desmosine and in Fig. 20 for 40 pg of isodesmosine. Since 
only one peak appeared in both cases with a retention 
time of 60 minutes in each case, it was taken as another 
proof of purity of the desmosines. 
III D. Ultraviolet Spectroscopy. 
The ultraviolet spectra of both desmosine and 
isodesmosine corresponded extremely well with those 
reported in the literature (40). The characteristics 
of their u.v. spectra will be discussed in Chapter III. 
III E. High Voltage Electrophoresis . 
. 
When pure samples of desmosine or isodesmosine 
were subjected to high voltage electrophoresis, a single 
spot was detected (106). This is additional evidence of 
the purity of the desmosines. More will be discussed 
about this subject in Chapter III. 
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min 
Fig. 19. EC/GC chromatogram of HFB-desmosine compound. 
GC condition: 3% OV-17 on Gas Chrom Q~ N2 flow 
rate 25 ml/min. Column temp. was programmed to 
start at 120 °c and to increase thereafter by 
1 °c/min. 
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Fig. 20. EC/GC chromatogram of HFB~isodesmosine compound. 
GC condition; 3% OV-17 on Gas Chrom Q, N2 flow 
rate 25 ml/min. Column temp. was programmed to 
start at 120 °c and to increase thereafter by 
1 °c/min. 
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CHAPTER III 
CHARACTERIZATION OF THE DESMOSINES 
I Ultraviolet Spect~oscopy. 
A Beckman DB Spectrophotometer with a Sargent 
SR Recorder was used to determine the ultraviolet spectra 
of desmosine and isod~smosine. Fig. ?l shows the u.v. 
spectrum of isodesmosine which is characterized by an 
absorption maximum at 278 nm, an inflection at 285 nm 
and a shoulder at 212-212 nm. Fig. 22 shows the u.v. 
spectrum.of desmosine with an absorption maximum at 
268 nm, another at 235 nm, and 'an inflection at 275 nm. 
Both spectra correspond extremely well with those 
published by Thomas et al. (40) and Anwar (44). 
The molecular absorptivity was calculated for 
both compounds. The molecular absorptivity for desmosine 
was obtained directly, but that of isodesmosine was 
determined in an indirect way. Both compounds were 
found to be highly hygroscopic with isodesmosine especially 
so. 
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Fig. 21, Ultraviolet spectrum of isodesmosine. 
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Fig. 22, Ultraviolet spectrum of desmosine. 
While weighing the dried isodesmosine it was 
noticed that the weight kept increas~ng. It was first 
thought that it was decomposing on exposure to ambient 
light but the amino acid analysis did not confirm this. 
It was concluded that it was picking up loisture from 
the air. Desmosine was less hygroscopic and could be 
weighed. Accordingly, two samples of desmosines, fr~shly 
lyophilized and kept under vacuum until used, were weighed 
on a Cahn electrobalance, Model 4400, Arthur H. Thomas 
Co., Philadelphia. The weighed samples were dissolved 
in o.ol M HCl and diluted as shown in Table 2. The 
absorbance was read against a blank of o,ol M HCl in a 
Beckman DB and Beckman DU Spectrophotometer at 268 nm. 
The molar absorptivity was calculated using the 
formula : 
where 
A = e:bc 
A = absorbance 
b = light path~ 1 cm. 
e: = molar absorptivity 
c = molar concentration 
The average value for the molar absorptivity of desmosine 
was 4920. This value corresponds well with the 4900 
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TABLE 2 
Molar absorptivity of desmosine 
Wt. desmosine 
mg 
2.08 
2.075 
Concent. 
mM 
0 .1276 
0.1274 
0.630 
0.615 
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Molar Absorptivity 
£ 
4937 
4903 
reported by Partridge et al. (40). 
The molecular absorptivity of isodesmosine was 
calculated using the fact that its ninhydrin color yield 
~ is 3.68 times that of leucine and is identical with that 
of desmosine (90). A 0.2 mM solution of leucine and 
0.187 mM solution of desmosine along with two samples of 
isodesmosine were applied to the amino acid analyzer on 
PA-35 resin. The absorbance was measured at 278 nm on 
both Beckman DB anq DU Spectrophotometers. The areas 
were measured by the Infotronics Integrator and r~flect 
the concentration of the solutions applied-Table 3. The 
correlation between concentration and area was previously 
proven to be linear. The calculated concentration was 
computed by the formula: 
Cone. of isodesmosine = Area of unknown X 0.2 mM 
3.68 x 21.3721 
where 
21.3721 is the area obtained for 0.2 mM leucine. 
Once the concentration of isodesmosine was known, it 
became easy to compute its molar absorptivity. The 
results show an average value of 7847 which is ,in good 
agreement with the reported value of 7850 (40). 
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TABLE 3 
Factors used in the c~lculation of the molar absorptivity 
for isodesmosine. 
Compound A278nm Concen. Area* Calculated concent ... 
.mM mM 
Isodesmosine 0.70 35.038 0.089 
0.34 17.018 0.043 
Leucine 0.20 21, 372 
. 
Desmosine 0 ! ;i.87 72.345 0.184 
* Area is that recorded by the integrator of the amino acid 
analyzer 
t Values calculated from area using the area of 0.2 mM 
leucine as the standard, 
... 
Since the ratio of a peak to its valley may be 
used for a rough estimate of purity of an absorbing 
compound, the molecular absorptivity of the peaks and 
.. valleys of des~osine and isodesmosine were calculated . 
A desmosine solution of 1.183 m~ and an 0.05 m~ iso-
desmosine solution were prepared. Desmosine had two 
peaks and two valleys while isodesmosine had. one peak 
and one valley. The absorbances and the ratios of the 
peaks to their valleys are given in Table 4, 
II Infrared Spectroscopy. 
To characterize the desmosines for future reference, 
infrared spectra of isodesmosine and desmosine were 
obtained on a Perkin-Elmer 621 Spectrophotometer with the 
samples prepared in KBr pellets. The spectra are shown 
in Figs. 23 and 24 ~espectively, The spectra showed the 
typical amino acid pattern. The absorption maximum for 
ionized carboxyl groups shows up at 1400 cm (symmetrical) 
and the deformation frequency of the amide II band (NH 
deformation) shows up aroqnd 1625 cm, The OH stretching~ 
CH stretching, NH stretching, and the carboxylic acids 
show up as a very broad band between 2800P3400 cm. The 
band around 1625 cm also contains a combination of stretch~ 
ing frequencies of C=N, and C=C, along with the NH bending 
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TABLE 4 
Spectrophotometric p~operties or the desmosines. 
Compound Wavelength Absorbance Molar Abs, Ratio* 
nm e: 
Desmosine 268 0,58 4900 
2.213 
250 0.262 2214 
•· 
235 0.860 7269 
1. 601 
216 0.537 4539 
Isodesmosine 278 0,38 7850 
1. 50 
250 0.26 5200 
* Ratio Qf peak/valley 
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F~g. 23. Infrared spectrum of desmosine in KBr pellet. 
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Fig. 24. Infrared spectrum of isodesmosine in KBr pellet. 
~. 
frequency (107). The band shown nicely in the isodes-
mosine spectrum at 2900 cm is due to quaternary· amine 
salt (108). The most characteristic band for the 
desmosines is the one between 800 cm and 1200 cm with 
the peak for desmosine at 1050 cm and a broad band for 
isodesmosine. This band is attributed to C-H bending 
in N-heterocyclic compounds (109). In isodesmosine 
the hydrogen positions on the ring are not symmetrical 
while they are in desmdsine. Consequently the peak is 
much sharper in desmosine. These data represent the 
first published IR spectra for both compounds. Partridge 
(39) mentions, in passing? some of the same bands cited 
above but gave no illustrations. 
Fluorescence 
Fluorescence determination was done on an Aminco-
Bowman Spectrophotofluorometer with a Blank~Subtract 
Photomultiplier Microphotometer? Model No. 10-267~ from 
American Instrument Company~ Silver Springs, Maryland. 
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The fluorescence properties of elastin have frequently 
been reported (110~111}, but the nature of the components 
giving rise to the fluorescence has not been identified. 
Elastin fibers give a blue-white fluorescence when excited 
with u.v. light (111). Elastin hydrolysate fluoresces 
at 406 nm, uncorrected, when excited at 322-328 nm as 
shown in Fig. 25. When elastin is digested with elastase, 
the peptides containing the desmosines have the same 
fluorescence as the elastin hydrolysate (42). Similarly, 
fractions corresponding to peak a2 in Fig. 11 have the 
same fluorescence (peak a2 contains several amino acids 
but n~ desmosines). Therefore it seems that this 
fluorescence is not due to the desmosines. 
In an unrelated experiment it was found that 
casein hydrolysate also fluoresces at the same wavelength 
when excited at 326 nm, as do oxidized phenylalanine 
and tyrosine. 
Nevertheless, purified desmosine and isodesmosine 
were found to fluoresce but with a low quantum yield. 
The yield is approximately 0.01 for isodesmosine and 0.001 
for desmosine when excited at 278 nm and emission recorded 
between 350 and 360 nm. The quantum yield of the same 
concentration of quinine sulfate was taken as 1. Figs. 
26 and 27 depicts the observed fluorescence of the iso- . 
desmosine and desmosine solutions respectively. 
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Fig. 25. Emission spectrum or" elastin hydrolysate with 
excitation at 325 nm. 
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Fig. 26. Fluorescence spectrum of isodesmosine. The 
emission spectrum is represented by the solid 
line ~nd the excitation spectrum by the dashed 
line. 
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Fig. 27. Fluorescence spectrum of desmosine. The emission 
spectrum is represented by the solid line and the 
excitation spectrum by the dashed line. 
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The desmosines, however, have been claimed not 
to fluoresce by some investigators (49,111}. The only 
decisive experiment would be to see if the fluorescence 
~ increases or decreases upon destruction of the desmosines. 
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Therefore, fluorescence of an isodesmosine sample was 
determined, then the same solution was exposed to u.v. 
light~ This step destroys the isodesmosine nucleus, as 
will be explained later. As shown in Fig. 28 the fluo-
rescence more than doubled. Consequently, it is concluded 
that the fluorescence observed in the desmosines solutions 
are due to traces of the degradation products of the 
desmosines that have been produced by exposure to u.v. 
light. 
IV High Voltage Electrophoresis. 
All high voltage electrophoresis runs were carried 
out in a Camag HVE cell on Schleicher and Schuell 2'040B 
20 X 40 cm paper. The samples were applied 6 inches from 
the positive pole which wai adequate for the length of 
all runs. 
The buffers and parameters used were as follows: 
a. Pyridine/formic Acid/water; 5:12:200, pH 3~0. For 
this system 1700 volts, 100 mA and 80 minutes were 
needed for a good separation. 
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Fi~. 28. Emission spectra of isodesmosine solution (solid 
line) and irradiated isodesmosine solution 
(dashed line). Excitation in both cases is at 
320 nm. 
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b. 
c. 
8% ~ormic acid lll2l, pH 1.8. Parameters for 
this system were 4000 volts, 150 mA and 20 minutes. 
Acetic Acid/Pyridine/Water~ 10;1:89, pH 3.2. The para-
meters for this system were 3000 volts~ 120 mA and 25 
minutes. 
Lysine was always used as a standard and the distance 
of its migration was used as unity. The desmosines' 
mobility was calculated in relation to lysine. The 
results are shown in Table 5. In all experiments in 
which purified desmosines were run, only a single nin~ 
hydrin positive spot was seen. 
V Chemical Reactions. 
The desmosines are quite unreactive in their native 
state which can be attributed to the stabilizing effect 
of the aromaticity of the heterocyclic ring. Once the 
resonance of the ring is destroyed their reactivity is 
improved and their susceptibility towards electrophilic 
agents becomes markedly increased. With the hope of 
developing a reaction that would allow the spectrophoto-
metric or fluorometric determination of the desmosines, 
the following reactions were attempted; 
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'J'ABLE 5 
High ~oltage electrophore~is. 
Buffer pH Amino acid A* mobility R* 
cm 
Pyridine/Formic acid/Water 3t0 Lysine 15.5 1 
. ' 5:12;200 
Tyrosine 5.0 0.32 
Desmosine 7.5 o.48 
Tsodesmosine 8.05 0.52 
8% Formic acid 1. 8 Lysine 10 1 
Desmosine 7.5 0.75 
Is0desmosine 7.5 0.75 
Pyridine/Acetic acid/Water 3t2 Lysine 6.o 1 
1:10':89 
Desmosine 3.2 0.53 
Isedesmosine 3.4 0,56 
A* Actual mob1lity 
R* Relative mobility in reference to lysine. 
a. Reduction of the pyridinium ring (113,114). To a 
solution of 0. 03 mM isodesmosine in 0. 2· N sodium 
citrate buffer pH 9.2, 1 mg of NaBH4 was added and 
incubated at 37 °c for 3 hours. The reaction was 
stopped by the addition of two. drops of concentrated 
HCl. The u.v. spectrum before reduction is shown in 
F1gw 29 in dashed line while the u.v. spectrum of 
the reduced isodesmosine is represented by the solid 
line. The reduced isodesmosine is also shown in 
Fig. 30 which is an amino acid chromatogram. The 
reduced isodesmosine had a retention time of 13 
minutes while isodesmosine had a retention time of 
56 minutes under the same conditions. 
The suggested reaction is assumed to proceed a.s 
shown in the first part of Fig. 34 .. There is a question 
of whether one or two double bonds remain (115). 
None of the regular amino acids have a retention 
time of 13 minutes. However, during purification of the 
desmosines a peak was observed eluting with a 13 minutes 
retention time as shown in Fig. 31. It is suggested 
that this peak may be one of the cyclic precursors of 
isodesmosine. 
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Fig. 29. Ultraviolet spectra of isodesmosine (dashed 
line) and reduced isodesmosine (solid line). 
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Fig. 31. Aminogram of isodesmosine (fraction e Fig. 17). 
The question mark points to the peak believed 
to be a precursor of isodesmosine. The shoulder 
is due to overloading the column with isodesmo-
sine fraction. PA-35 resin was used. 
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b. Tagging of the reduced desmos'ines (116). Tagging of 
the redu~ed desmosines with fluorescein or fluorescein 
isothiocyanate was unsuccessful. However, when reacted 
with diazotized sulfanilic acid, the reduced desmosines 
produced a chromophore with a maximum at 360 nm. The 
reaction was conducted in the following manner: to a 
0.25 mM solution of desmosine in 0.2 N sodium citrate 
at pH 9.2, 2 mg of NaBH4 was added and the mixture 
incubated for 3 hours. The reaction was stopped as 
mentioned earlier and 1 ml of 5% diazotized sulfanilic 
acid added to 2 ml of the reduced desmosine and 
shaken for' 5 minutes. A u.v. and visible spectrum 
was run and is shown in Fig. 32. Two peaks appear at 
360 and 248 nm. The peak at 248 nm belonged to the 
sulfanilic acid, for when the sulfanilic acid is used 
as a blank the only peak observed is at 360 nm. 
When the same procedure was repeated with isodesmosine 
at the same concentration the intensity at 360 nm was 
half that of desmosine. The tentative explanation is 
that the coupling must be taking place at the ortho-
position of the nitrogen in the heterocyclic ring. 
Since desmosine had two free ortho- positions while 
isodesmosine has only one, coupling of the diazotized 
240 320 400 nm 
Fig. 32. -Spectrum of the product mixture of diazotized 
sulfanilic acid and reduced desmosine. The 
curve on the left is 4 times less concentrated 
than the one on the right. 
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· sulfanilic acid would be expected to be about twice 
as much for desmosine. This reaction seemed· promising 
at first and would have been pursued but several other 
amino acids gave the same results. 
c. KCN has been reported to add a -CN group on rings 
(117). However it gave negative results with the 
desmosines or the reduced desmosines. 
d. Sodamide is also reported to add an amino group to 
a heterocyclic ring (118). However, it gave negative 
results with the desmosines or their reduced form. 
e. Ehrlich's reagent (119). When reduced desmosine and 
isodesmosine are dissolved in concentrated H2so4 and 
a few mg of 2_-dimethylbenzaldehyde are added, the 
mixture develops a pink color when heated at 70 °c 
for 5 minutes. The u.v.-visible spectrum showed two 
peaks at 430 and 375 nm. However, the following 
amino acids also gave similar results: tyrosine, 
arginine, tryptophane, proline, lysine and histidine. 
f. Fusion with benz~yl p~roxide (120). On melting an 
amine with benzoyl peroxide, the N-alkyl substituents 
become oxidized according to the equation: 
. It was hoped that the same reaction would proceed 
with the reduced desmosines and the aldehyde produced 
could then be condensed with a fluorescent amine. Un-
fortunately, when reduced desmosine or reduced isodes~ 
mosine were reacted with benzoyl peroxide~ polymerization 
occurred as everything precipitated upon heating. 
g. Cleavage of the pyridipium ring. 
1. As reported by Partridge (143), K3Fe(CN) 6 destroys 
the nucleus of the desmosines at alkaline pH to pro-
duce lysine. Accordingly, to 1 ml of 0.18 mM desmosine 
in water at pH 11.2, 2 mg of ferricyanide were added 
and incubated in a boiling water bath for 1 hour. 
The pH was then adjusted to 2.2 and the whole solution 
was applied to a 3 X 0.9 cm column packed with Aminex 
Ms ''C" resin. Elution of the ferrocyanide and excess 
ferricyanide was accomplished with distilled wate~. 
The fragments of the desmosine were eluted with 1.2 
ml of Q.l M NaOH. The pH of the eluant was adjusted 
to 2.5 and applied to the PA~35 resin of the amino 
acid analyzer! The amino acid chromatogram is shown 
in Fig. 33. Lysine was produced, as predicted, but 
not quantitatively. However 1 it was not possible 
to couple fluorescent dyes to the fragments. 
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2. Anwar (115) cleaved the desmosines rings with 
KMn04/Naio4 mixture. The proposed reaction is shown 
in Fig. 34. Reduced isodesmosine (0.1 mg) was reacted 
with KMno4 (0.2 mg) and Naro4 (0.2 mg) in 0.2 M 
sodium acetate buffer pH 8.0 for 3 hours. Sodium 
metabisulfite (0.1 mg) was added to reduce excess 
oxidizing reagents. 
Fluorescent labelling was attempted with dyes 
(mentioned in section b}, but no evidence for tagging was 
obtained. The reason for this failure is unknown since 
three ninhydrin positive fractions were obtained when the 
oxidized mixture was eluted from Aminex Ms "C 11 resin with 
sodium acetate buffer pH 4.25 • 
. VI Photolysis. 
Photolysis of nitrogenous cyclic compounds by 
ultraviolet radiation was reported as early as 1933 by 
Lieber and Getreuer (121). In 1973 it was observed that 
desmosine and isodesmosine in citrate solutions or in 
pure water were unstable when exposed to u.v. light. This 
was observed on two occasions; the first, as already 
mentioned, during a fluorescence study, and the second 
when a repeated u.v. spectrum was performed on an isodes-
mosine sample. The repeated spectra were carried out with 
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Fig. 34. Proposed reaction o~ cleavage of desmosine's 
ring with KMn04/NaI04 (115). 
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the purpose of determining whether there was any change 
in the spectrum with time. It was found that the peak 
intensity changed with time but it came back to the 
original height when the exposure was stopped. 
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At first, in the experiments reported here, no 
attempt to identify the degradation products of irradiation 
of th~ desmosines with u.v. light was made, arid precautions 
were taken to assure that there was no exposure to u.v. 
light during fractionation except for the weak beam during 
monitoring. This was accomplished by wrapping all columns 
with aluminum foil. However, as will be proven, this was 
not necessary. 
In 1974 it was reported that one of the photolysis 
products of the desmosines was lysine (122). Since by 
this time a very sensitive assay for lysine (discussed 
in Chapter IV) had been found, a comprehensive study of 
the photolysis of the desmosines was conducted. The main 
objective of such a study was to find the parameters at 
which photolysis of the desmosines with u.v. radiation 
would cause complete photolysis and an 100% yield of lysine. 
There were three parameters to be established; 
wavelength or wavelengths of photolysis, pH optimum, and 
temperature optimum. The temperature dependence seemed 
to be the least demanding. The temperature of the 
solution being photolysed was measured at 2-3 minute 
intervals and as shown in Fig. 35 the temperature reached 
a maximum of 48.5 °c and leveled off for the rest of the 
photolysis period. It was found that when the sample is 
at 50 °c and then irradiation with u.v. light is started, 
the time for complete photolysis is approximately 40% 
less than when irradiation is started with the solution 
at room temperature. 
100 
The photolysis wavelength was reported to be 
between 268 and 280 nm (122). This proved to be erroneous 
by the following experiment; Fig. 36 shows a u.v. spectrum 
of isodesmosine in 0.2 N sodium citrate buffer pH 2.4. 
This solution was irradiated at 278 nm in a Beckman DB 
for 24 hours at 50 °c. There was no change. However, 
when the irradiation was done at 215 nm an immediate change . 
in the spectrum was observed. Several u.v. spectra were 
taken and each showed an increase of the isodesmosine peak 
at 278 nm. However, when the beam shutter was closed and 
the temperature was brought down to room temperature, the 
spectrum went back to its original shape. Also the amino 
acid analysis showed no change in the isodesmosin~ content 
after the irradiation at 215 nm and no lysine produced. 
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Fig. 35. Changes in temperature of the aqueous solution 
during photolysis. The increase in temperature 
results from bombardment by photons and pro-
duction of phonons. 
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Fig. 36. Intensity increments of isodesmosine peak when 
irradiated with u.v. light at 215 nm. The in-
crease in peak height reaches a maximum after 15 
minutes of irradiation. The curve on the left 
depicts the return of the peak to its original 
height once irradiation is stopped. 
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Subsequently, irradiation at all wavelengths between 
200-300 nm at 2 nm intervals was tried but without success. 
At last it was found that if a mercury lamp (Mineral 
light UVS 12, Arthur H. Thomas Co., Philadelphia) giving 
light below and above 200 nm without filter is used, 
complete photolysis is achieved. In order to determine 
the range of wavelengths at which photolysis is occurring, 
an aliquot of an isodesmosine solution was placed in a 
capped Beckman silica cuvette, and another aliquot placed 
in an open dish. Both were irradiated with the mercury 
lamp for the same length of time. The only difference 
in the apparatus was that the incident u.v. beam was 
perpendicular to the surface of the open dish while it 
was parallel to the surface of the liquid in the cuvette. 
This kind of cuvette is not supposed to transmit below 
200 nm. The results of photolysis as determined by the 
amino acid analyzer revealed that in both cases photolysis 
was complete and the same amount of lysine was produced 
in each. 
Therefore it appears that photolysis of the 
desmosines by u.v. light is accomplished .through the 
simultaneous irradiation at two or more wavelengths. 
I 
The required wavelengths, furthermore, seem to be above 
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l f 200 nm. It is further suggested that the two wavelengths 
~ 
would most likely be in the 200-220 nm and 260~280 nm 
ranges. The former wavelength would excite th~ molecule 
to a higher energy state while the latter, emitting at 
the resonance frequency of the ring, would initiate the 
degradation procedure by tran~fer of energy to the rr-
electr-0n cloud of the ring. 
The production of lysine via photolysis of the 
desmosines was found to be pH dependent. To establish 
the optimum pH range 2 ml aliquots of 0.1 mM desmosine 
and 0.1 mM isodesmosine in 0.2 N sodium citrate buffer 
at various pH 1 s were photolysed and the lysine produced 
measured by the amino acid analyzer. The effect of pH 
is shown in Fig. 37. The optimum pH is between 2.35-2.65. 
Fig. 38 shows the proposed reaction for the photolysis. 
Fig. 39 shows a lysine standard of 0.5 mM eluting 
at about 120 minutes on the amino acid analyzer. Fig. 40 
shows 0.14 mM isodesmosine eluting at 86 minutes, and 
Fig. 41 depicts the photolysed product showing a concen-
tration of 0.133 mM lysine eluting at 120 minutes. Fig. 42 
showing a concentration of 0.12 mM desmosine eluting at 
96 minutes, and Fig. 43 depicts the photolysed product 
with a concentration of 0.115 mM lysine. Therefore the 
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Fig. 37. The effect of pH on photolysis yield of lysine 
from desmosine and isodesmosine. An RI value 
of 43 represents 100% yield. 
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Fig. 38. Proposed reaction for the photolysis of desmosine. 
v. 
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Fig. 39. Aminogram of a standard solution containing 
0.5 m~ lysine and 0.5 mM serine. PA-35 resin 
was used. 
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Fig. 40. Aminogram of 0.14 mM isodesmosine solution. 
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Fig. 41. Aminogram of photolysed O .14 mM isodesmosine 
solution. PA-35 resin was used. 
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Fig. 43. Aminogram of photolysed 0.115 mM desmosine 
.solution. PA-35 resin was used. 
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: = 
yield of lysine upon photolysis of isodesmosine is 95%, 
and for desmosine it is 95.8%. Thus, within experimental 
error, the yield is considered stoichiometric. 
To confirm this further, several samples of 
desmosine and isodesmosine at various concentrations 
112 
were photolysed under identical conditions and the·photo-
lysed products assayed on the .amino acid analyzer. The 
results are shown in Fig. 44. The average yield was 98.2%. 
The curve was calculated by the method of least squares 
and a correlation coefficient of 0.945 was obtained. 
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Fig. 44. Concentrations of desmosine and isodesmosine 
solutions as determined by absorbance measure;,_ 
ments vs. concentrations of lysine produced by 
photolysis of the desmosines and determined by 
the amino acid analyzer. 
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CHAPTER IV 
ASSAY 
Assay 
As discussed in the previous chapter, the 
production of lysine from the desmosines is stoichio-
metric under the appropriate conditions. Therefore, 
if there is a fairly sensitive and easy assay for lysine, 
it would be possible to determine the levels of the 
desmosines by the amount of lysine produced upon 
photolysis. Roth and Jeannerette (123) have reported 
an extremely sensitive fluorometric assay for lysine 
with the use of o-diacetylbenzene. Accordingly, a 
standard curve for lysine using their method was immediate-
ly established and is shown in Fig. 45. The following 
procedure was followed; 3 ml aliquots of 50 mM sodium 
. borate solution at pH 10 were placed into 12 ml test tubes 
and 50 ul of various concentrations of lysine in 0.2 N 
.sodium citrate buffer at pH 2.4 were added. Then 50 ul 
of o-diacetylbenzene solution (35 mg/ml MeOH) was added 
to each test tube and shaken well. This was followed by 
the addition of 50 ul of 2-mercaptoethanol solution 
(50 ml/lOml EtOH) to each tube and shaking. The tubes 
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Fig. 45. Standard curve for lysine assay by o-diacetyl-
benzene reaction. 
were then incubated at room temperature for 8 minutes. 
Their fluorescence was read at 450 nm with excitation 
at 355 nm without filter. Each point on the standard 
curve represents the average of two runs. However, a 
standard curve is established each time an assay is 
performed. 
The excitation and emission spectra are shown 
in Fig. 46. Since o-diacetylbenzene reacts only with an 
amino group that is not a- to a carboxyl group, the 
reaction shown in Fig. 47 is proposed. This results in 
a 5-membered ring with 2 double bonds which could become 
conjugated with the benzene ~ing and fluoresce. 
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The next step was to determine if the same success 
could be achieved with the photolyzed products of the 
desmosines. Neither desmosine nor isodesmosine react with 
o-diacetylbenzene. Solutions of desmosine and isodesmosine 
were prepared in 0.2 N sodium citrate buffer at pH 2.4. 
Open, round, small glass dishes of 2.5 cm in diameter and 
1.25 cm in height were weighed to the nearest 10 mg, and 
into them 2 ml aliquots of each of the desmosines solutions 
were placed and weighed again. The samples were photolysed 
as described earlier at a 3 cm distance from the mercury 
lamp for 45 minutes at ambient temperature. The samples 
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Fig. 46. Fluorescence spectrum of lysine-o-diacetylbenzene 
complex. Emission spectrum is represented by the 
solid line with excitation at 355 nm, and exci-
tation spectrum is shown by the dashed line with 
emission at 450 nm. 
o- diacetylbenzene 
yHzCHift 
NH'I 
1• amine 
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Complex W 
Fig. 47. Proposed reaction for o-diacetylbenzene with 
primary amines not a- to a carboxyl group. 
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were cooled to room temperature after photolysis and 
the original weight restored. Aliquots of the photolysed 
solutions were reacted with o-diacetylbenzene in the same 
manner as the lysine standard samples and the results are 
shown in Fig. 48. The curve was calculated by the method 
of least squares with a correlation coefficient of 0.975. 
As can be seen the lysine liberated from the desmosines 
may be quantitated by this procedure. Furthermore, within 
experimental error the yield is stoichiometric. 
A temporary setback was encountered when it was 
found that o-diacetylbenzene reacted with ornithine, 
histamine, glycine, and almost any primary amino group 
that was not a- to a carboxyl group. Consequently this 
assay could not be used to determine the levels of des-
mosines in a tissue hydrolysate even when the photoly~is 
was complete. Fig. 49 shows an amino acid chromatogram 
of bovine ligamentum nuchae elastin hydrolysate .. The 
following figure, Fig. 50, shows the same solution after 
being photolysed for 45 minutes at pH 2.4. It is obvious 
that the desmosines disappeared and the lysine peak increased 
proportionately. However, when the o-diacetylbenzene assay 
was done on such a sample it became impossible to determine 
the concentration of anything because the fluorescence was 
c 
s:: 
)> 
~ 
~ 
(>I 
0 
0 
I\) 
0 
0 
t7 -
a o 
~o 
.. 
100 200 
uM, Flourescence 
300 
Fig. 48. Concentrations of desmosine and isodesmosine 
solutions as determined by absorbance measure-
ments vs. concentrations of.lysine produced by 
photolysis of the desmosines and determined by 
o-diacetylbenzene assay. 
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Fig. 49. Aminogram of bovine elastin hydrolysate. PA-35 
resin was used. 
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Fig. 50. Aminogram of photolysed bovine elastin hydro-
lysate (from Fig. 49). The arrows dep~ct the 
positions of desmosine and isodesmosine. PA-35 
resin was used. 
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due to several moieties reacting with £-diacetylbenzene, 
Therefore a fractionation step in a hydrolysate 
was found to be necessary to separate as many of the 
amino acids as possible from the desmosines, The 
principle was that since the desmosines are basic amino 
acids, eluting from cationic resins between tyrosine 
123 
and lysine, a resin might be found on which the desmosines 
-
along with other basic amino acids would be adsorbed, 
while all the neutral and acidic amino acids would be 
eluted, This could then be followed by selective elution 
of the desmosines, 
Accordingly, a battery of short columns were 
packed with 3 types of resins; Aminex Ms "C", 6 X 0.5 cm~ 
Beckman PA-35~ 1.5 X 0.9 cm~ and BioRad A-5, 3:xo,9 cm. 
Aliquots of elastin hydrolysate were placed on each, It 
was found that when 0,2' ~ sodium citrate buffer pH 4.1 
was used~ most of the amino acids in a hydrolysate were 
separated from the desmosines. The elution profile is 
shown in Fig, 51 for the Aminex Ms 11 C" resin~ and in Fig. 
52 for the BioRad A-5 resin, The peak labelled C in each 
figure contained isodesmosine, desmosine, lysine and 
histidine, as shown in Fig. 53. 
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c 
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Fig. 51. Elution profile of bovine elastin hydrolysate 
applied to Aminex Ms 11 c11 resin, 6 x 0.5 cm •. 
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Fig. 52. Elution profile of bovine elastin hydrolysate 
applied to BioRad A-5 resin, 3 x 0.9 cm. 
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resin was used. 
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A number of different pH values were tried, but 
it was not possible to separate lysine from the desmosines 
fraction, Consequently it was decided to use BioRad A-5 
resin under the above conditions. The intention was to 
use.the photolysis-o-diacetylbenzene assay to determine 
. -
the lysine levels before and after photolysis with the 
difference being an index of the level of the desmosines 
present. 
Accordingly, the following experiments were 
performed. Three samples of bovine ligamentum nuchae 
elastin hydrolysate were applied to the A-5 resin and 
the desmosines fraction (F-C) was collected for ~ach. 
Aliquots of each fraction were taken and assayed for 
lysine: Other aliquots were photolysed and the product 
assayed for lysine. Table 6 shows the results. The 
difference between the sample and its photolysed solution 
was considered to equal the amount of desmosines. 
As can be seen the relative intensities of the 
samples before phptoly~is are very high and would be 
expected to be 3-10 fold higher in a tissue hydrolysate. 
This would tend to. bring about a large error and poor 
reproducibility, Thus it ~as deemed critical to find a 
way to eliminate all interacting compounds in the F-C 
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TABLE 6 
Fluorometric assay of F...._c fraction of bovine ligamentum 
nuchae hydrolysate before and .after phdtolysis. Assays 
were done with6ut first acetylating th~ F-C fraction be-
fore photolysis. 
Sample Rf II before photolysis* R' I'• after photolysis* 
Blank 2.0 2.0 
1 83.0 123,0 
2 79,0 118.0 
' 
3 78.o 126.0 
* R.I, denotes relative intensity, 
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fraction before photolysis without affecting the production 
of lysine from the desmosines. 
The specificity of the o-diacetylbenzene reaction 
towards a primary amino group provided the answer. If 
all interfering amino groups could be eliminated or 
somehow tied up permanently before photolysis, the only 
potential reactive amino group after photolysis would be 
the e:-amino group of lysine produced by photolysis of 
the desmosines. 
From the amino acid analysis of the F-C fraction, 
it was found that the only interfering compounds are 
lysine and ornithine. Histidine, on the other hand, was 
not found to interfere either before or after photolysis. 
The histidine check was done because of some reports of 
its photoly~is and consequent production of histamine, 
which would interfere (121,124-126). 
During the search for a way to eliminate lysine 
arid ornithine from the F-C fraction, four possibilities 
were investigated: precipitation of both amino acids, 
oxidation of their amino groups, condensation of their 
amino groups with an aldehyde, and acetylation of their 
amino groups with an anhydride. 
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The first three ways proved to be only partially 
successful, The precipitation of lysine by 24-phosphotung~ 
stic acid was accomplished at the nanomolar level. However, 
the excess of phosphotungstic acid was still in solution 
and was expected to precipitate the lysine produced from 
the desmosines, This was shown to be the case 'since it was 
not possible to recover any further added lysine, 
Similar results were obtained when oxidation of the 
amino groups was triedt Lysine solutions of 0.5 m!':'.!_ were 
used with the oxidizing reagent that of Van Slyke (127), 
NaN02 at pH 1.0. The oxidized solution .gave a zero relative 
intensity of fluorescence when reacted with Q-diacetylben-
zene, but again it was not possible to recover any added 
lysine. 
Condensation of an aldehyde with the amino groups 
gave a different problem. Formaldehyde and propionaldehyde 
were tried. The Q-diacetylbenzene reaction of the mixture 
(lysine plus the aldehyde incubated for 30 minutes) showed 
a zero fluorescence reading, Added lysine was partially re-
covered, The main prqblem 1 however, was when the aldehyde-
lysine mixture was ~xposed to u,v. light, all the lysine 
was liberated. 
The best choice proved to be acetylation of all 
exposed amino groups with acetic anhydride before photoly-
sis. There was still the problem of potential deacylation 
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when the acetylated lysine was exposed to u.v. light. This 
aspect was studied thoroughly, Deacylation was found to be 
dependent on the pH of the solution before the addition of 
acetic anhydride. This is shown in Fig. 54, The reason for 
even a temporary reaction of the £-amino group of lysine 
with acetic anhydride at pH values belpw 10 is not clear. 
Below pH 10, most of the £ ... amino groups are protonated and 
acetic anhydride is not supposed to react. Nevertheless, 
the £-diacetylbenzene reaction with the acetylated lysine 
at almost all pH values showed a tie~up of the £ ... amino 
groups of lysine. 
At any rate~ acetic anhydride~ when added to a so-
lution of desmosines and iysine, completely eliminates the 
interference of the £-amino groups of lysine during the 
photolysis-2_-diacetylbenzene assay, A summary of the re ... 
actions in the assay is shown in Fig! 55! It was also veri-
fied that any added lysine is completely recovered when 
added 8 minutes after the addition of ~cetic anhydride to 
lysine. 
Analysis of the '~c f~action was performed on the 
amino acid analyzer and compared with £-diacetylbenzene 
assay of the same samples! The ~ .... c fractions were concen-
trated 3-fold~ the pH adjusted to 12.2 and then reacted 
80 
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R.I. 
40 
20 
8 
pH 
Fig. 54. The effect of pH of F-C fraction on deacylation 
of lysine upon photolysis. An RI of 80 reflects 
100% deacylation. 
132 
'i:HzR, 
RJ.;:,R, CH - ~"'° pH 12 J;..Jl + ' "o --'----' 
H 7 H CH,-< 
(CH,)4-~H-COci 0 
~H2 
Oesmosine Acetic Anhydride 
l'Hcetyl-Oesmosine 
0-. lliac1tylb1nztn1 
Complu W 
H 
HjH 
'"( + x !ICHA-~H-COOH 
R, • ( CH);-~H-COO 
ilH2 
R2 • (CH,);-iH-COci 
IH 
cc-o 
CH, 
T" 
r° 
CH, 
Fig. 55. Summary of the reactions in the photolysis-
o-diacetylbenzene assay. 
133 
.. 
134 
with acetic anhydride. The procedure was as follows; two 
ml of f-C solution ~t pH 12.2 were reacted with 100 µl of 
acetic anhydride at room temperature for 15 minutes which 
proved to be more than sufficient to get rid of excess ace-
tic anhydride. At this point the pH of the solution was ad-
justed to 2,4-2.6 and the solution photolysed for 45 minutes 
at room temperature. Aliquots were taken and assayed for 
lysine levels via the Q.-diacetylbenzene assay. The results 
are shown in Table 7, Included in the same table, are F-C 
fractions of complete tissue hydrolysates of human aortas. 
The elution profile of the human aorta hydrolysate fraction-
ation on BioRad A-5 resin is shown in Fig, 56 and the amino 
acid analysis is shown in Fig, 57. 
Table 6 shows that the reaction of acetic anhydride 
with the F~c fraction eliminates all interfering groups lea-
ving only the £-amino groups of the lysine produced from the 
desmosines by photolysis free to react. Therefore the level 
of lysine after photolysis is a good index of the level of 
the desmosines initially present, 
There was one additional but minor problem to be 
investigated. The F-C fraction volume was too large and· con-
sequently the desmosines too dilute. Therefore it was de-
cided to concentrate the desmosines by either increasing the 
-. 
TABLE 7 
Analytical comparison of the desmosines in elastin by the amino acid analyzer and 
by phot_olysis. 
F-C fraction of bovine 
lig. nuchae elastin 
1 
2 
3 
AAA* amino. acid analyzer. 
~~c fraction of human 
aorta 
4 
5 
6 
Desmosines (m~) 
via AAA* 
0.200 
0.220 
0.215 
0.040 
0.043 
0.038 
via photolysis 
0.209 
0.210 
0.208 
0.048 
0.045 
0.042 
I-' 
w 
\J1 
1 
8 
'· 
A 
c 
l L 
0 10 30 40 
Fig. 56. Elution profile of human aortic hydrolysate 
applied to BioRad A-5 resin. 
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Fig. 57. Aminogram of fraction C (from Fig. 56). PA-35 
resin was used. 
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sample size or by using two eluting buffers. The former 
proved unfeasible because the second peak in the elution 
(peak b in Fig. 52) overlapped the desmosines peak. The 
latter, however, worked nicely. 
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Accordingly, the pH of the filtered decolorized 
hydrolysate was adjusted t~ 2.0~2.3 and the sample applied 
to the A-5 resin. Elution is started with 0.2 N sodium 
citrate at pH 4.0 and at the end of the tyrosine peak (b in 
Fig. 52) elution is switched to 0.2 !':!_sodium citrate pH 5,7, 
The first 29 ml a~e dicarded and the next 12-15 ml are col-
lected and labelled F-C. A two ml aliquot of F-C pH 5,7 is 
placed in a photolysing dish and 10 µl of concentrated NaOH 
is added. This brings the pH to 12.0-12.4. Then 100 µl of 
acetic anhydride is added and the rest cif the procedure 
carried out as already explained. The volume of concentrated 
HCl that must be added to the reacted sample was found to be 
25 .µl to bring the pH to 2.4, suitable for photolysis. 
T.o reduce further dilution of F-C and more impor.-
tantly to eliminate the step of adjusting the pH of the F-C 
aliquots to 12.2 1 it was found that this may be accomplished 
by dedreasing the pH of the first eluting buffer to 3,45· 
and increasing the pH of the second buffer to 12.4. 
The final recommended procedure is as follows; the 
pH of the hydrolysate sample is adjusted to 2,0-2.3 and 
applied to the A-5 resin, Elution is started with 0.2 N 
sodium citrate pH 3.45 for 50 ml? until the tyrosine p~ak 
is eluted. The elution is then switched to 0,2 N sodium 
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citrate pH 12.4, The first 52 ml are discarded and 5~8 ml 
are collected and labelled F-C. Aliquots f~om F-C are 
reacted with acetic anhydride 1 photo1ysed at pH 2.4 and 
assayed for the lysine produced from the desmosines by the 
·£_-diacetylbenzene fluorescence procedure. 
There is another way of increasing the sensitivity 
of the Q.-diacetylbenzene assay; namely, increasing the sample 
added to the borate buffer in the issay, When. this was tried 
it was found that linearity depended on the pH of the borate 
buffe~ before the addition of the sample to be assayed, The 
effect of the pH of the borate buff er on fluorescence is 
shown in Fig. 58. It was found that when a 50 µl sample at 
pH 2.3-2,4 is used~ the initial pH of the borate buffer 
must be 10.4; and wh~n a 100 µl sample ·is to be used? the 
initial pH of the borate buffer must be 10,7, 
The period during which optimum fluorescence occurs 
and remains is depicted in Fig. 59~ The useful. period is 
about 10 minutes and therefore when many samples are to be 
assayed the appropriate intervals must be observed, 
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Fig. 58. The effe~t of pH of the borate buffer on the 
lysine-£-diacetylbenzene coupling. 
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Fig. 59. Fluorescence changes of lysine-o-diacetylbenzene 
complex with time.· 
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Another important point is that the lysine standard_ 
must also be made in 0,2 N sodium citrate containing acetic 
acid and its final pH must be 2,3-2,4. 
The only remaining problem in considering the use 
of the photolysis-~-diacetylbenzene assay was the hydrolysis 
yield of desmosines from a tissue sample. Accordingly, sam-
ples of pure desmosine and isodesmosine were hydrolyzed in 
6 M HCl for 48 hours and no change in their concentrations 
was observed. 
A study was made of the recovery of isodesmosine 
added to bovine ligamentum nuchae elastin before hydrolysis. 
Isodesmosine 1 30 nmol 1 was added to 5 mg elastin and the 
mixture was hydrolyzed simultaneously with another sample 
of elastin without added isodesmosine~ An aliquot of each 
hydrolysate was fractionated on A~5 resin and the F~C frac-
tion analyzed on the amino acid analyzer. The recovery of 
the isodesmosine was 28!8 nmol or 96%, 
With the finding that acetic anhydride> when reacted 
at pH 12,2, eliminates all or most of the available amino 
groups 1 the complete hydrolysate was reacted with acetic 
anhydride~ The ~-diacetylbenzene reaction of the acetylated 
tissue hydrolysate gave a very low intensity, comparable 
to a blank sample. However, after photolysis the results of 
143 
the o-diacetylbenzerie reaction were not consi~tent. It was 
~ . 
concluded that there is something unknown interfering with 
the a~say when a complete hydrolysate is used! Therefore 
the fractionation step for the hydrolysate remains a ne-
cessity. 
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Elastin and Desmosines Content of' Dog Aorta 
. ' . 
. With the procedure for the determination of the 
desmosines established its practical use was investigated. 
The levels of elastin and desmosines were determined 
along.the thoracic aorta of the dog, The predieted values 
of elastin based on the levels of the desmosines were 
compared with those found by isolation of elastin by ex-
traction. Accordingly, 8 dog thoracic aortas were .obtained 
from Loyola University, Stritch School of Medicine, May-
wood~ IL. The elastin isolation procedure was modified 
from those described by Lansing et al. (3) and Partridge 
et al, (28). The procedures described below involved 
drying and defatting of the samples, extraction of calla-
gen and tissue proteins 7 and sample hydrolysis, 
·Drying 
Aliquots of minced and ground tissue were placed 
inside a vacuum oven at room temperature. The oven was 
evacuated to 0.05 mm Hg and the temperature raised to 
60 °c! The samples were dried to constant weight which 
took about 14 hours. 
Defatting 
The dried samples were ground fine in a mortar 
and extracted with ethanol, ethanol-ether (1:1 v/v), and 
ether. The samples were redried. 
Extraction ~1th 1% NaCl 
The dried defatted aortic samples were placed in 
centrifuge tubes and 5~8 ml of 1% NaCl added to each. The 
tubes were shaken fat 1 minute and then incubated at room 
temperature for 3 hours. ~hey were then centrifuged and 
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tne supernatant discarded. The residues were washed 3 times 
with distilled water. 
Autoclavine; 
The samples after NaCl extraction were placed in 
15 ml centrifuge tubes and 5-8 ml of distilled water added 
to each, They were autoclaved for 45 minutes in a Castle 
Autoclave~ model 999C~ at 121 °c and 18 psi. The tubes were 
centrifuged and the supernatant discarded. The procedure 
was repeated until a biuret reaction of the supernatant 
proved negative! The samples were then dried. 
Extraction with 0.1 M NaOH 
The residues after autoclaving were placed in cen-
trifuge tubes and 5-8 ml of 0,1 M NaOH was added to each. 
The tubes were then placed in a boiling water bat~ for 15 
minutes, They were then centrifuged and the supernatant 
discarded, This was repeated 3 times. It was found that 
with each successive extraction with NaOH some amino acids 
r 
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were present in the supernatant. An aminogram of the super-
natant from the second extraction is shown in Fig, 60. 
Therefore it is difficult to decide when to stop extraction •. 
It was arbitrarily decided to stop extraction with NaOH 
when there was no cystine present in the supernatant.The 
residue that remains is considered elastin. 
Hydrolysis .of Tissue Samples 
The hydrolysis was carried out under partial vacuum 
in 6 M HCl at 110 °c for 24 hours. 
Decolorizins of the Hydrolys~te 
To the tissue hydrol;ysate~ 20-30 mg of Norite was 
added and the mixture placed in a water bath at 60 °c for 
5 minutes. The hydrolysaie was then filtered through ~ 3 
µm Millipore filter, 
The dog thoracic aortas were sectioned and pro-
cessed as follows: 
One complete thoracic aorta from an adult dog was 
minced in a Virtis blender. Aliquots were immediately 
weighed, dried, and weighed again~ The results gave the 
wet weight of the tissue and the water content~ The dried 
samples were then defatted, extracted with 1% NaC1 1 auto-
claved1 and finally extracted with 0.1 M NaOH~ The residue 
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Fig. 60. Aminogram of the supernatant of the second 
extraction of dried and defatted dog aortic 
tissue by 0.1 M Naon. PA-35 resin was used. 
The arrows denote the positions of desmo-
sine and isodesmosine. 
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of each sample was dried in the vacuum oven. The results are 
given in Table 8. The elastin determination by extraction 
showed good reproducibility. 
Simultaneously~ fat-free aliquots of the same ~orta 
were weighed? placed in hydrolyzing flasks and hydrolyzed 
for 24 hours. Aliquots of the hydrolysates were placed on 
the Bioijad A-5 resin after adjustment of the pH to 2.3 with 
3 ~ NaOH, Fractionation of these samples was darried out as 
described earlier, The levels of the desmosines wa~ deter-
mined by the photolysis ... Q_ ... diacetylbenzene method. The re .... 
sults are shown in Table 9~ 
In Table 9 the concentration of the desmosines is 
converted to elastin by using a factor which relates elastin 
to its content of desmosines (shown to be 11.6 nmol of des-
mosines per mg of elastin on page 152). 
The Levels of the Desmosines and Elastin along the Dog 
Thoracic Aorta 
The thoracic aortas of five adult dogs and two 
puppies were divided into four sections each, The sections 
were numbered 1 through 4, with 4 extending from the aortic 
valve to the stub of the subclavian artery;· while 1 was 
closest to the diaphragm. Table 10. shows the lengths of the 
different sections, Dogs 1 and 2 are puppies and the rest 
are adult dogs, 
TABLE 8 
Elastin content of dog thoracic aorta. 
Sample Dry Defatted Weight 
mg 
1 34.2 
2 64.66 
.3 58,63 
··" 
Isolated Elastin 
mg % Dry Weight 
. 12. 65 37.0 
23.48 36.3 
21.92 37.4 
I-' 
~ 
\0 
TABLE 9 
Comparison of the recevery of elastih as determined by is9lation and by the content 
of the desmosine~. 
Fat ... Free Dry Wt. Total Desmosines, via 
mg photolysis~ nmol! 
134.6 526.64 
125.7 493.0 
122,9 498.8 
Elastin content as 
calculated from Table 8 
mg 
49.83 
45.63 
45~96 
Elastin content 
as calculated 
from the composi-
tion of the des-
mosines, mg. 
45.40 
42.50 
43.0 
I-' 
\Jl 
0 
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'l1ABLE 10 
Lengthi of dog thoracic aorta sections analyzed in Table 11 
sample Section 4 Section 3 Secticm 2 Section 1 
cm cm cm cm 
1 *· 3.18 2.55 2.55 3,18 
2* 3.46 3.18 3.18 2,55 
3 1. 91 2!55 3.18 3.18 
4 3.82 3.18 2!55 2.29 
5 3.18 2.55 3.18 3.18 
6 2 .55 3.18 2.55 3.18 
7 3.18 3.18 3.82 3.82 
* These samples were puppies less than 6 months old. 
The rest of the samples are dogs over 2 years old. 
This sectioning produced 28 sample$, Each sample 
was minced, dried and defatted. Aliquots of the dried-de-
fatted samples were taken for isolation of elastin by the 
extraction procedure already discussed. Other aliquots of 
the dried-defatted samples were hydrolyzed in 6 M HCl and 
the content of desmosines in the hydrolysate measured in 
two ways_: 
1) by the photolysis.-2_..-.diacetylbenzene procedure 
already presented in detail~ and 
2) direct estimation of desmosine and isodesmosine 
in the F-C fraction by the amino acid analyzer. 
Figures 61-64 show the elution profiles of the 
hydrolysates of all 4 sections of the aorta from dog 7 
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on A-5 resin. In all the F-C fraction was cleanly separated 
from the other fractions. Figures 65-68 show the amino acid 
chromatograms of the same sections. 
Table 11 gives the results for all sections of all 
aortas by the isolation procedure, 
Three samples of the isolated elastin were hydro-
lyzed in 6 M HCl and the desmo~ines contertt measured by the 
amino acid analyzer, The average value of desmosines content 
is 11.6 nmol per mg elastin~ 
I I 
0 
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I I I 
20 "' ml ' 50 
Fig. 61. Elution profile of dog.aorta No.7 section No.l 
hydrolysate applied to BioRad A-5 resin. 
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... )0 
F·C 
50 
Fig. 62. Elution profile of dog aorta No.7 section No~2 
nydrolysate applied to BioRad A-5 resin. 
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Fig. 63. Elution profile of dog aorta No.7 section No.3 
hydrolysate applied to BioRad A-5 resin. 
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Fig. 64. Elution profile of dog aorta No.7 section No.4 
hydrolysate applied to BioRad A-5 resin~ 
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Fig. 65. Aminogram of F-C fraction (from Fig. 61). 
PA-35 resin was used. 
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Fig. 66. Aminogram of F-C fraction (from Fig. 62). 
PA-35 resin was used. 
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Fig. 67. Aminogram of F-C fraction (from Fig. 63). 
PA-35 resin was used. 
159 
160 
F-C 
009 No.7 
Sec tlon No.4 
... . t~ 
20 40 60 min 100 
Fig. 68. Aminogram.of F-C fraction (from Fig. 64). 
PA-35 resin was used. 
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TABLE 11 
Analysis of dog aortas for elastin by isolation. 
Dog Section Dry Wt, Dry Defatted Wt~ Elastin 
mg mg mg % dry Wt .. 
1 4 85,41 84.22 31.17 37. 0 . 
3 63.21 61.10 28.22 46.2 
2 153.10 150.28 57.55 38.3 
1 92.71 90.22 28,41 31. 5 
2 4 182. 6 179.7 65.15 36.25 
3 70.21 69.0 33.05 47.80 
2 80.59 80,46 . 31.35 38.9 
1 78,42 76.30 25.55 33.4 
3 4 175.0 172.12 59.55 34.6 
3 152.2 149.1 55.46 37.2 
2 163~2 160.12 54.44 34.0 
1 154.23 151.20 45.81 30.3 
4 .4 144.88 143.86 52.31 36.3 
3 116.72 114,74 44.84 39.0 
2 97.21 95.10 34.17 35.9 
1 117r43 116,34 37.24 32.0 
5 4 101.69 100.67 35.n3 34,8 
3 114,66 113.60 44.76 39.4 
2 117,98 116.96 41. 51 35.4 
l· 101.66 100.60 32.19 32.0 
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TABLE 11 Continued. 
Dog Sect:ion Dry Wt. Dry· Defatted Wt, Elastin 
mg mg mg % dry Wt. 
6 4 171.55 169.50 59.65 35.0 
~~ 
3 115~84 114~82 42.75 37.2 
2 76.48 75,46 26.65 35.3 
. 1 80.18 79.15 25,98 32.8 
-
7 '4 106.54 103.20 36~46 35,2 
3 89.32 87.45 34~19 39.1 
2 75,24 72.35 26.04 36.0 
1 152.34 150,0 48.15 32.1 
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Table 12 presents the data on the content of desmo-
sines of all sections as determined by.both methods. It can 
be seen that there is reasonable agreement between the 
two methods.· 
The average value for the content of desmosines 
(11.6 nmol/mg) in elastin was used in converting the 
desmosines content determined directly by the photolysis-
Q_-diacetylbenzene procedure (Table 12) into elastin. 
Table 13 compares these results with those calculated 
from the data on isolated elastin from other aliqu0ts 
of the same tissues as given in Table 11. 
On the whole there was reasonable agreement between 
the two methods, especially in the five adult dogs. There 
was greater disparity between the two methods in some of the 
samp.les from the two puppies. 
·The data from Table 11 and Table 12 show that the 
elastin content is not uniform in different portions in the 
dog thoracic aorta with the middle thoracic aorta containing 
the largest amount of elastin~ This corresponds well with 
data quoted in the literature (17~126), These data are de-
picted graphically in Fig. 69. 
The data from each section from the adult dogs 
were analyzed statistically and the significance of the 
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TABLE 12 
Recovery of desmosines in dog aortic elastin~ 
Dog Section Fat-Free Total Desmos·ines Desmosines 
Dry Wt, Photolysis AAA* per mg Fat-
mg nmol · nmol Free Dry Wt. ** 
1 4 156 .. 04 802.0 841,2 5.14 
3 121,23 553.1 528.1 4,76 
2 98,54 521. 0 513.3 5.28 
1 85.42 310.1 325.8 3.62 
2 4 268,60 1372,8 1395.4 5.10 
3 101.82 338.8 408.0 3,32 
2 70.06 308,0 285.5 4.39 
1 57.49 229,0 248.2 3.98 
3 4 162.7 521,0 542.8 3.20 
3 58.5 301. l 330.6 5.14 
' 2 104.4 344,5 374.o 3.30 
1 *** *** *** *** 
4 4 225.68 990.0 1100.0 4.54 
3 217,66 1067.0 1062.0 4.72 
2 144.61 504,0 620.1 3.48 
1 94.10 272.1 300.0 2.89 
5 4 187.48 809.7 900.8 4.31 
3 199.07 892~0 *** 4.80 
2 '.1.11, 77 546,2 520.0 4.48 
1 79,60 286.5 \ 301.0 3,59 
TABLE 12 Continued. 
D9g Section Fat .... Free Tot~l Des.mosines 
Dry Wt, Photolysis 
mg nmol 
6 4 191.72 853.2 
3 '.1.54,00 730.8 
2 76. 76 337.8 
l 101.0 400.0 
7 4 76,32 301.0 
3 95,21 538,0 
2 120,24 609,0 
1 93,25 410.0 
AAA* amirio acid analyzer 
** Determined by photolysis in nmoles, 
*** Not determined. 
AAA* 
nmol 
884.o 
. 752. 0 
336.2 
433.3 
327,3 
500.4 
633,4 
383.4 
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Desmosines 
per mg Fat.,.. 
Free Dry Wt. ** 
4.45 
4.74 
4.40 
3,96 
3.93 
5.65 
5,06 
4.30 
TABLE 13 
Elastin of dog thoracic aortas as estimated from fat-
free dr~ weight and desmosines content. 
Dog Section Elastin content Elastin content as 
as estimated from calculated from the 
fat-free dry wt.in composition of the 
Table 10, mg. desmosines 1 mg. 
1 4 57,72 69,10 
3 55.76 45.62 
2 43,12 44.90 
1 26.90 26.70 
2 4 98.0 i18.o 
3 48.20 29.13 
2 22,36 26,55 
1 19,20 19.74 
3 4 42,80 44.90 
3 35.49 29.70 
2 21. 80 " 25.90 
l 49.30 * 
4 4 79.00 85.3 
3 88!0 92,0 
2 51. 90 43.40 
1 30,10 23.40 
5 4 65.24 69,74 
3 69.27 76,90 
2 39.50 47.00 
1 25.40 24.60 
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TABLE 13 Continued. 
Dog Section El11st;i,n content Elastin content as 
as estimated from calculated fr0m the 
fat"."'f.ree dry wt. ln composition of the 
Table 10, mg. desmosines, mg. 
6 4 67!10 • 73!55 
3 57 ,30 63.00 
2 28!10 29.10 
1 33.10 34.40 
7 4 26.86 25,85 
3 37!13 46.37 
2 43.28 52.70 
1 29.84 35.34 
* Not determined. 
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~ 
difference in elastin content of section 3 vs sections 1, 
2 and 4 estimated by the t~test, The results of all com-
parisons of isolated elastin (Table 11) showed significant 
difference, The results of the comparisons of the desmo~ 
sines levels (Table 12) showed no significant difference 
between sections 3 and 4,·but significance between sec-
tions 3 vs 2 and 1. Although the t-test showed no signi-
ficant difference between sections 3 and 4~ it indicated 
that 90% of the time the value of the level of the desmo-
sines in section 3 will be expected to be higher than in 
section 4. 
In the two puppies, the same rise of isolated 
elastin in the mid-thoracic aorta is also seen. The data 
for the levels of desmosines were not analyzed due to lack 
of adequate number of samples. 
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Some Variations in Elastin Compositions in Different 
Species 
170 
Elastin isolated from bovine ligamentum nuchae, 
canine aorta and human aorta by the previously described 
method were hydrolyzed and compared on the amino acid 
analyzer using both resins. The results show differences 
in the composition of elastin from the different species. 
Fig. 70 show an aminogram of hydrolyzed elastin isolated 
from bovine ligamentum nuchae and applied on AA-15 re~in. 
The desmosines are not separated from the phenylalanine 
peak. Fig. 71 is the same hydrolysate on PA-35 resin where 
the desmosines may be quantitated. Figures 72 and 73 show 
similar results in canine aorta. The desmosine content 
of extracted bovine ligamentum nuchae elastin was 17.2 
nmol/mg and that of isodesmosine was 9,9 nmol.mg. 
Desmosine is found in higher concentration than iso-
desmosine in all three tissues, contrary to some reports 
(44). The ratio of desmosine to isodesmosine is different 
in these tissues: the ratio is 1.5-1.7 in bovine ligamen-
tum nuchae, 1.1~1.3 in dog aorta and 1.3-1.5 in human 
aorta. The other striking feature observed is that the 
tyrosine content of human and dog aorta is much higher 
than in bovine ligamentum nuchae. 
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Fig. 71. Aminogram of bovine ligamentum nuchae elastin 
hydrolysate applied to PA-35 resin. 
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thoracic aorta applied to PA-35 resin. 
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CHAP-TER V 
DISCUSSION 
The results previously described show that the 
desmosine plus isodesmosine content of tissue can be 
determined in a relatively straightforward manner by the 
photol~sis-o".""diacetylbenzene.procedure described in 
Chapter IV. When values by this method are compared· to 
those obtained by the amino acid analyzer on the F-C 
fractions of the same hydrolysates, agreement is 
satisfactory. The photolysis-~-diacetylbenzene method 
can be used when the concentrations of the desmosines 
are too low to be measured by the amino acid analyzer. 
With the amino acid analyzer the lowest limit of desmosines 
that can be measured without an expander is about 50 nmoles 
an~ with an expander about 5 nmoles. With the photolysis 
procedure one may accurately determine down to about 0.6 
nmoles of equivalent lysine. 
There are other disadvantages in the use of the 
amino acid analyzer for estimation of desmosine and iso- · 
desmosine content of tissues: 
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1. Relatively few laborator~es possess an amino acid 
analyzer, primarily because of expense of acquisition 
and upkeep; 
2~ The number of samples that can be analyzed by the 
amino acid analyzer is limited by time 1 whereas many 
more samples can be assayed simultaneously by the 
photolysis procedure. One assay on the amino acid 
analyzer takes 3-6 hours; the photolysis assay takes 
2 hours~ but several dozen hydrolysate fractions can 
be processed at the same time. 
It has also been shown in this study (Chapter IV) 
that estimation of elastin in tissues by the photolysis-
£-diacetylbenzene assay gives results similar to those 
obtained by a modification of the traditional extraction 
assay. There are a number of disadvantages in extraction 
procedures which are mentioned in the Introduction. 
Several additional ones are; 
l! A typical extraction procedure requires several days 
for completion; 
2. Several recent careful studie~ show that in the finai 
extraction residue which is defined as elastin, there 
are various glycoproteins present (50,51,128,129,130). 
Since the amounts of these glycoproteins vary consider-
ably with the source of tissue and the age of the 
subject from which the tissue comes, it .is clear 
that there is a variable and possibly large error 
inherent in the extraction· procedure. 
Some of the advantages of the photolysis-Q_-dia-
cetylbenzene method in comparison with the extraction 
procedures are: 
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1. As mentioned earlier, once hydrolysis is complete the . 
rest of the assay is relatively short and many samples 
can be worked up simultaneously; 
2. Desmosine and isodesmosine occur only in elastin and 
are therefore .specific markers for elastin. 
On the other hand, there is one problem w}-th the 
measurement of elastin by determination of desmosine and 
isodesmosine content by any method, whether the photolysis-
o-diacetylbenzene assay, the amino acid analyzer, or by 
any other. This relates to the question of possible changes 
·1n the absolute number of cross-links (desmosine, isodes-
mosine, merodesmosine, and lysinonorleucine) per unit of 
elastin with age. there is, for example, reasonable 
evidence that the desmosine and isodesmosine content of 
young fetal elastin is very low and increases sharply in 
late fetal lif~ (101). In the bovine species the content 
of the desmosines reaches the full adult level shortly 
after birth. In the human full maturation of the cross-
links occurs at 1-2 years of ag~ (18,101). 
Less certain is the question of the number of 
cross-links per unit of elastin derived from aged indi-
viduals. There are some data which show a diminution 
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in the desmosines of extracted elastin derived from elderly 
.humans, but there is also evidence to show that the 
previously mentioned glycoproteins which are extracted 
with· and determined as elastin are also greatly increased 
in elderly persons ( 131') • 
It may well be~ therefore! that estimation of 
des~osine plus isodesmosine directly in tisgue is as 
good a measure of elastin content of postnatal tissue as 
any other measurement thus far suggested. This is certainly 
true of tissues from individuals of a given species of 
similar age as~ for example, when one is dealing with 
variations in elastin content of tissue in experimental 
animals after treat~ent with drugs or hormones. 
The average values given here for the elastin 
content· of dog aorta as determined by extraction are almos.t 
identical with those of Fisher et al. (126) and slightly 
higher than those given by Harkness et al .. (17), As 
mentioned earlier, the latter investigators found the 
·same increase in elastin' content in the mid-,thoracic 
aorta as compared with the ascending aorta as observed 
in this work. 
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There is no information in the available literature 
concerning the desmosine + isodesmosine content in dog 
thoracic aorta. 
· The ratio of desmosine to isodesmosine (Chapter IV) 
found for human aortic .elastin-1. 3 to 1. 5..-agrees well with 
similar data calculated from the literature (l~,50~87,88). 
In this study, with bovine ligamentum nuchae 
elastin, the values found for desmosine and isodesmosine 
content agree very well with the values quoted in the 
literature (48,87). The same is true of the ratio of 
desmosine to isodesmosine (29,44). 
The volatile.derivatives of reduced desmosine and 
isodesmosine shown in Figs~ 19 and 20 have not previously 
been shown, although other derivatives suitable for G.C. 
have been prepared by other investigators (95). · This 
finding suggests that it may be possible to quantitate 
the cyclic precurso~s of the desmosines (2~3?5,6~dehydro­
desmop~peridine and 2,3,4,5..-dehydroisodesmopiperidine) 
by directly derivatizing an elastin hydrolysate without 
preliminary reduction. The cycl1c precursors will 
derivatize directly to volatile compounds whereas 
de~mosine and isodesmosine, not being in the reduced 
form, will not vol~tilizet Thi~ clearly offers a 
means of directly estimating the amounts of the 
cyclic precursors in m~turing elastin, 
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